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Polychlorinated biphenyls (PCBs) have been massively produced and sold as 
commercial mixtures (e.g. Aroclor 1260) for industrial usages during the past decades, 
which results in their widespread distribution in environment and causes side effects 
on biota and public health.  The laboratory study of microbial reductive dechlorination 
of PCBs involves identification, enrichment, and isolation of PCB dechlorinators from 
environmental sources in order to understand PCB dechlorination mechanisms and to 
develop cultures/biomarkers for bioremediation applications. However, information 
on PCB dechlorinators is still limited due to difficulties in obtaining sediment-free 
PCB dechlorinating cultures and shortages of current existing molecular tools.  This 
drives the study to screen and cultivate phylogenetically diverse PCB dechlorinators, 
to obtain sediment-free and/or pure PCB dechlorinating cultures, and to develop new 
methods and strategies for microbial populations identification. 
The main purposes of this doctoral study are to develop sediment-free Aroclor 
1260 dechlorinating cultures, to identify and isolate novel PCB dechlorinators. As the 
saying in Confucian Analects – He that would perfect his work must first sharpen his 
tools.  Firstly, this dissertation has developed two new approaches, i.e., separation of 
fluorescence-labelled terminal restriction fragment DNA on a two-dimensional gel (T-
RFs-2D) and a two-step denaturing gradient gel electrophoresis (2S-DGGE), to 
complement current existing molecular tools in screening, identifying and monitoring 
specific bacteria.  T-RFs-2D was developed to separate terminal restriction fragments 
(T-RFs) of 16S rRNA genes on high-resolution two dimensional gels (2D gels) based 
on two independent criteria - T-RFs’ size and their sequence composition. T-RFs-2D 
can be used either to obtain sequence information of T-RFs with specific size or to 
profile complex microbial communities. Compared with DGGE and T-RFLP, T-RFs-
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2D showed improved resolution capability when profiling a complex river-sediment 
microbial community, i.e., T-RFs-2D separated 63 DNA fragments in the sediment 
sample, while traditional DGGE detected only 41 DNA fragments in the same sample. 
Furthermore, another technique - 2S-DGGE - was developed to obtain full-length 16S 
rRNA gene sequences, which is less labor-intensive, better in catching minor 
populations and higher in throughput compared with clone libraries. In virtue of these 
advantages, 2S-DGGE has been successfully utilized to taxonomically identify a 
novel Dehalobacter species from 2,4,6-trichlorophenol (2,4,6-TCP) dechlorinating 
cultures. Therefore, both T-RFs-2D and 2S-DGGE are applied to identify PCB 
dechlorinators in following studies. 
Since previous reports showed distinct PCB dechlorination products at different 
PCB contaminated geographic sites, it is hypothesized that phylogenetically diverse 
PCB dechlorinators might exist in the environment and could extensively dechlorinate 
PCBs in distinct PCB dechlorination patterns. To exam the hypothesis, PCB 
dechlorination activities were screened with Aroclor 1260 as the electron acceptor in 
microcosms established with sludge, soils and sediments from four regions. After 12 
months of incubation, 12 microcosms showed various extent of PCB dechlorination 
activities in distinctive dechlorination patterns (e.g., Process H, N and T). Among 
them, six sediment-free PCB dechlorinating cultures (i.e., CW-4, CG-1, CG-3, CG-4, 
CG-5 and SG-1) were successfully developed in defined medium amended with 
lactate, in which Process H was the predominant dechlorination pattern (e.g., in CW-4, 
CG-3, CG-4 and SG-1). Also, a novel PCB dechlorination pattern was observed in 
CG-1 culture, which mainly attacked double flanked meta-chlorines and partially 
ortho-chlorines. Phylogenetic analysis with the newly developed methods showed 
diverse affiliation of PCB dechlorinators, including Dehalobacter species and all three 
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Dehalococcoides subgroups (i.e., Cornell, Victoria and Pinellas). The development 
and characterization of these sediment-free PCB dechlorinating cultures provide 
essential information for culturing and stimulating PCB dechlorinators for in situ 
bioremediation applications. 
After overcoming the challenges in developing sediment-free cultures, isolation 
of PCB dechlorinators became possible by using alternative halogenated compounds 
as electron acceptors. To realize this, we firstly developed a sediment-free 
Aroclor1260-dechlorinating culture, named AD14, that can extensively dehalogenate 
multiple halogenated compounds, i.e., Aroclor 1260, octa-brominated diphenyl ether 
(octa-BDE) mixture, 2,4,6-TCP, perchloroethene (PCE), and 1,2-dichloroethane (1,2-
DCA). The dechlorinators in culture AD14 were identified to be Dehalococcoides and 
Dehalobacter through pyrosequencing analysis, both of which could be further 
enriched with PCE in AD14-PCE subculture. Interestingly, the highly enriched AD14-
PCE subculture showed similar PCB dechlorination patterns as that of its parent 
culture AD14, consisting of Dehalobacter sp. AD14-PCE, Dehalococcoides sp. 
AD14-1 and AD14-2.  The Dehalococcoides sp. AD14-1 and AD14-2 share identical 
16S rRNA gene sequences, but possess tceA and vcrA genes, respectively. 
Quantitative real-time PCR analysis demonstrated that both Dehalococcoides and 
Dehalobacter bacteria coupled their growth with Aroclor 1260 dechlorination, and the 
overall average cell growth was 3.65 × 108 cells per μmol of chlorine removed.  
Strains AD14-1 and AD14-2 were finally isolated by using trichloroethene (TCE) and 
vinyl chloride (VC), respectively, which demonstrated a strategy to isolate PCB 
dechlorinators by using alternative halogenated compounds. The study here for the 
first time reported that Dehalobacter species can grow on PCBs.  Also, culture AD14 
XII 
 
can be utilized for future bioremediation applications at sites co-contaminated by 
PCBs and other multiple halogenated compounds. 
In summary, sediment-free Aroclor1260-dechlorinating cultures have been 
obtained with distinct PCB dechlorination patterns, in which phylogenetically diverse 
PCB dechlorinators have been identified by using the newly developed molecular 
approaches. The dissertation also demonstrates a strategy to isolate PCB 
dechlorinators by using alternative halogenated compounds. The overall study 
broadens our knowledge of PCB dechlorination, and provides useful cultures for 
future in situ bioremediation applications. 
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(A) increase in 16S rRNA gene copies as quantified by qPCR 
during reductive dechlorination of Aroclor 1260; (B) decrease 
in average chlorine number per biphenyl in AD14-PCE 
subculture. 
Morphology of Dehalococcoides sp. AD14-1 (A) and AD14-2 
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DGGE analysis of amplified 16S rRNA gene sequences from 
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gene; lane 5, positive control for vcrA gene; lane 6, vcrA gene 
in TCE-fed Dehalococcoides sp. AD14-1; lane 7, vcrA gene in 
VC-fed Dehalococcoides sp. AD14-2; lane 8, negative control 
for vcrA gene. 
Monitoring the isolation process of strain AD14-1 and AD14-2 
with 16S rRNA gene- and functional gene-targeted qPCR. 
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Dechlorination of (A) TCE by strain AD14-1, and (B) VC by 
strain AD14-2. 
Coverage of Dehalobacter genus-specific primer set, Deb179F 
and Deb1007R (Holliger et al., 1998), of which matched texts 
were highlighted with yellow color and mismatched positions 
were marked with red font. 
A proposed schematic that utilizes newly developed 
approaches complementary to current existing molecular tools 
to isolate PCB dechlorinators from Aroclor 1260 
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1.1  Background and problem statement  
Polychlorinated biphenyls (PCBs) are a family of 209 related chemical 
compounds manufactured and sold as complex mixtures based on their average 
chlorination levels. For example, the most studied PCB mixture, Aroclor 1260, has 12 
carbon atoms in the biphenyl skeleton and contains 60% chlorine by mass in this 
mixture (primarily composed of hexa- and hepta-chlorobiphenyls). The individual 
PCB congeners are described according to the position of the chlorine substitution 
(Figure 1.1). Between 1929 and the late 1970s, PCB mixtures were massively used in 
electrical transformers, hydraulic fluids and other areas, which resulted in their 
widespread distribution in sediments of many lakes, rivers, and harbors (ATSDR, 
2000). At many of these contamination sites, PCBs co-exist with other halogenated 
compounds, e.g., chloroethenes (Salkinoja-Salonen et al., 1995), and polybrominated 
diphenyl ethers (PBDEs) (Hong et al., 2010; Grant et al., 2011). The most commonly 
observed health effects in people exposed to extremely high levels of Aroclor1260 
include dermal and ocular lesions, irregular menstrual cycles and a lowered immune 
response (Aoki, 2001). Although the manufacture of PCBs has been stopped in most 
countries by the late 1970s, PCBs are still posing threats to the health of human 
beings and ecosystems due to their intrinsic chemical/physical properties, biota 
accumulation and potential toxity (ATSDR, 2000; Beyer and Biziuk, 2009). Thus, 
PCBs are included among the 12 worldwide priority persistent organic pollutants 
(POPs) (The 12 POPs under the Stockholm Convention, 1971) and are ranked fifth on 
the U.S. Environmental Protection Agency Superfund Priority List of Hazardous 




The diverse metabolic capabilities of bacteria have long been recognized and 
exploited for bioremediation applications of PCBs (Tiedje et al., 1993).  Studies have 
showed that the removal of highly chlorinated PCB congeners is limited only in 
anaerobic condition through microbial reductive dechlorination (Brown et al., 1987; 
Bedard, 2008).  Therefore, the microbial reductive dechlorination conducted by PCB 
dechlorinating-bacteria/dechlorinators is a critical process to detoxify and, when 
coupled with aerobic degradation, completely destroy PCBs (Field and Sierra-Alvarez, 
2008). For PCB bioremediation applications, it is important to characterize the 
indigenous dechlorinators and their metabolic functions, which is normally 
accomplished by culturing approaches in the laboratory through establishing 
sediment-free/pure cultures (Löffler and Edwards, 2006). Thus far, many enrichment 
cultures have been obtained by using either an individual PCB congener or a PCB 






Figure 1.1. (A) PCB structure showing the ortho-, meta-, and para-chlorines; (B) 
Structure of 2,2’,3,4,4’,5’-hexachlorobiphenyl, or abbreviated as 234-245-CB. 
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developed enrichment cultures were from soil, sediment or groundwater samples from 
Europe or North America, and most of them require the presence of sediments to 
maintain PCB dechlorination activities (Wiegel and Wu, 2000; Bedard, 2008). Only a 
few sediment-free cultures have been developed with PCB congeners, e.g., two 
cultures were enriched on 2356-CB and 2345-CB by removing ortho-chlorines 
(Cutter et al., 1998) and meta- or para-chlorines (Wu et al., 2000), respectively, in the 
absence of soil or sediment. For microbial reductive dechlorination of PCB mixtures 
(e.g., Aroclor 1260), it is even more complicated. Only recently, a sediment-free JN 
culture was developed for extensive dechlorination of Aroclor 1260 by using silica 
powder as a sediment substitute (Bedard et al., 2006), which is the first sediment-free 
culture for reductive dechlorination of PCB mixture. Despite this, information on 
Aroclor1260-dechlorinating cultures is still limited. 
Physiological, phylogenetic and genomic characterization of isolated PCB 
dechlorinators is crucial in understanding their impacts on PCB dechlorination 
processes and in developing optimum biotreatment strategies for PCB bioremediation 
applications (He and Wang, 2012).  The previously characterized PCB dechlorinators 
are all affiliated in the Chloroflexi phylum, e.g. Dehalococcoides and 
Dehalococcoides like o-17/DF-1 (Bedard, 2008). However, the isolation of PCB 
dechlorinators is challenging due to their long lag phase for growth and complex 
nutritional requirements (Wiegel and Wu, 2000). Thus far, there is no report on 
isolation of PCB dechlorinators directly from Aroclor 1260 dechlorinating cultures, 
and a few previously reported pure PCB dechlorinating bacteria were obtained from 
reductive dechlorination of either individual PCB congeners (i.e., 2345-CB) (May et 
al., 2008) or other halogenated compounds (i.e., TCE or trichlorobenzenes) (Bedard, 
2008; Adrian et al., 2009).  So far, bacterium DF-1 is the only PCB dechlorinator that 
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was isolated from reductive dechlorination of a PCB congener (i.e., 2345-CB), which 
can also remove doubly flanked chlorines of several PCB congeners in weathered 
Aroclor 1260 (May et al., 2008). Nevertheless, strain DF-1 requires Desulfovibrio spp. 
in coculture or their cell extract for growth, and its reductive dechlorination of 
wethered Aroclor 1260 was conducted in the presence of soil. Dehalococcoides 
ethenogenes 195, best known for halorespiring chlorinated ethenes, has been shown to 
dechlorinate 23456-CB when growing with tetrachlroethene (PCE) (Fennell et al., 
2004). However, 23456-CB is a PCB congener that is chlorinated on a single ring, 
which seldom exists as environmental contaminants. Dehalococcoides sp. CBDB1, a 
pure culture isolated from dechlorination of chlorobenzenes, is the first isolate capable 
of extensively dechlorinating Aroclor 1260 predominantly to tri- and tetra-CBs when 
pre-grown on trichlorobenzenes (Adrian et al., 2009). The observation of Aroclor 
1260 dechlorination by strains DF-1 and CBDB1 suggests that PCB dechlorinators 
might be isolated by using alternative halogenated compounds.      
In the process of enriching PCB dechlorinators, 16S rRNA gene-based 
approaches play key roles in monitoring microbial community dynamics, e.g., clone 
library, terminal restriction fragment length polymorphism (T-RFLP), denaturing 
gradient gel electrophoresis (DGGE), and next generation sequencing (NGS) 
paltforms (He and Wang, 2012).  Clone library is a time-consuming method but can 
supply full length 16S rRNA gene sequences, which is normally utilized to 
complement other molecular tools (Nocker et al., 2007). T-RFLP and DGGE are two 
popular fingerprinting methods to evaluate the microbial diversity based on size 
polymorphism of fluorescence-labelled terminal restriction fragments (T-RFs) (Liu et 
al., 1997) and denaturing properties of DNA fragments on denaturing gradient 
polyacrylamide gels. However, the diversity in a complex microbial community could 
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be easily underestimated due to that multiple and possibly unrelated gene sequences 
may share the same T-RF length (Marsh et al., 2000; Kent et al., 2003) or DNA 
fragments might co-migrate on DGGE gels (Sekiguchi et al., 2001).  Therefore, 
applications of both T-RFLP and DGGE are limited due to their low/medium 
resolution capability. NGS platforms (e.g., 454 GS-FLX system and Illumina Solexa 
system) can supply unsurpassed detection capability as compared to traditional 
molecular techniques (e.g., clone library, DGGE and T-RFLP). However, the 
application of NGS platforms is still limited due to certain constraints such as high 
service costs and relatively short read-lengths (e.g., average 330 bp for 454 GS-FLX 
system, and 75/100 bp for Illumina Solexa system) (Metzker, 2010). The 
shortcomings of these individual methods drive the need to develop new approaches 














1.2  Objectives and aims  
The primary objective of this doctoral study is to screen, enrich and identify PCB 
dechlorinators in soil and sediment samples collected from four countries, i.e., China, 
Indonesia, Malaysia, and Singapore. Screening PCB dechlorination activities in a 
large sample pool can gain information on new PCB dechlorinators and their PCB 
dechlorination patterns, which could be helpful in understanding PCB dechlorination 





Enrich and isolate PCB dechlorinators 
: Implication in this and previous studies 
Screen and identify PCB dechlorinators 
Current sediment-free or pure cultures 
capable of dechlorinating Aroclor 1260: 
Dehalococcoides in JN cultures 
Dehalococcodes sp. CBDB1         Chloroflexi 
Dehalobium chlorocoercia DF-1
Specific aim 1 (Primary objective): 
Screen PCB dechlorination activities in 
samples collected from four Asian countries 
(i.e., China, Indonesia, Malaysia and 
Singapore) and identify new PCB 
dechlorinators   (Chapter 6) 
Specific aim 4, enrich and isolate PCB dechlorinators from a sediment-free culture 
capable of dehalogenating diverse halogenated compounds (Chapter 7): 
Hypothesis Aroclor 1260 dechlorinating-bacteria/dechlorinators can be enriched and isolated 
by using alternative halogenated compounds.  
& 
Figure 1.2. The schematic of this dissertation 
Develop molecular approaches 
Current molecular methods to 
identify PCB dechlorinators： 
DGGE, T-RFLP, clone-library, 
q-PCR, next generation 
sequencing (NGS), etc. 
Specific aim 2 & 3, develop 
new approaches to 
complement current existing 
molecular tools: 
1. T-RFs-2D   (Chapter 4) 
2. 2S-DGGE   (Chapter 5) 
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To facilitate the culture screening process, two new approaches have been 
developed and employed in this study, i.e., separation of fluorescence-labelled 
terminal restriction fragment DNA on a two-dimensional gel (T-RFs-2D) and two-
step denaturing gradient gel electrophoresis (2S-DGGE). As illustrated in Figure 1.2, 
this study will employ the newly developed approaches to complement current 
molecular tools to phylogenetically identify and monitor PCB dechlorinators. 
Subsequently, a sediment-free Aroclor 1260 dechlorinating culture capable of 
dehalogenating diverse halogenated compounds has been chosen to further enrich and 
isolate PCB dechlorinators by using alternative halogenated compounds. 
 
1.2.1  Screening Aroclor 1260 dechlorination activities in a large number of 
samples 
Specific aim 1  To establish sediment-free Aroclor 1260 dechlorinating cultures and 
identify PCB dechlorinators for better understanding PCB dechlorination processes 
observed in environment, and for future bioremediation applications in Asian 
countries. 
Brief background  The information for microbial reductive dechlorination of Aroclor 
1260 is still limited due to the difficulties in developing sediment-free/pure PCB 
dechlorinating cultures (Wiegel and Wu, 2000; Bedard, 2008). The JN culture is the 
only reported sediment-free culture developed from reductive dechlorination of 
Aroclor 1260, which requires the silica powder to replace sediment as a carrier for 
PCBs (Bedard et al., 2007). In addition, the identified PCB dechlorinators are all 
affliated in the Chloroflexi phylum, i.e., Dehalococcoides and Dehalococcoildes-like 
o-17/DF-1 (Bedard, 2008). The bacteria in these two subgroups are obligate 
dechlorinators and are fastidious to their growth conditions (Bedard, 2008; May et al., 
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2009), which might raise difficulties in future field bioremediation applications. The 
massive use of PCB mixtures in Asian countries has resulted in their wide distribution 
in environment (Fujiwara et al., 1975; Xing et al., 2005), which can act as driving 
forces for the evolution of phylogenetically diverse PCB dehalogenators.      
Experimental approach  This study primarily serves to screen Aroclor 1260 
dechlorination activities in a large pool of samples collected from four Asian 
countries. It is assumed that PCBs released in different areas and the diverse 
geographic conditions could help to select distinct PCB dechlorinators capable of 
dechlorinating Aroclor 1260 in different PCB dechlorination patterns. Through 
bacterial cultivation in the laboratory and phylogenetic identification with molecular 
tools, different PCB dechlorinators could be identified and correlated with their PCB 
dechlorination patterns. PCB dechlorination activities have been reported largely 
depending on their growth medium (e.g., carbon source, pH, etc.) and conditions (e.g., 
temperature) (Wiegel and Wu, 2000). It is therefore important to optimize medium 
and growth conditions for Aroclor 1260 dechlorinating cultures. It is further assumed 
that optimized medium and growth conditions together with a large culture candidate 
pool could help to obtain sediment-free Aroclor 1260 dechlorinating cultures. To 
verify these assumptions, 18 samples collected from four countries have been serially 
transferred in the optimized growth medium and screened with PCB dechlorinators as 
well as their dechlorination patterns.   
If abovementioned assumptions are valid, multiple sediment-free Aroclor 1260 
dechlorinating cultures could be obtained with different dehalogenation capabilities 
(e.g., PCB dechlorination patterns and reductive dehalogenation of other halogenated 
compounds), and new PCB dechlorinators could be identified. Based on their 
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performance, cultures would be chosen to further enrich, isolate and characterize new 
PCB dechlorinators. 
 
1.2.2  Development of a high resolution method for microbial community 
fingerprinting, separation of fluorescence-labelled terminal restriction fragment 
DNA on a two-dimensional gel (T-RFs-2D) 
Specific aim 2  To develop a method for profiling complex microbial communities 
and obtaining sequence information of T-RFs with specific size. 
Brief background  T-RFLP and DGGE are two most commonly used fingerprinting 
techniques to either compare microbial communities of various samples or to capture 
a single microbial community structure of an individual sample (Wu and Liu, 2007). 
However, both methods have their shortcomings in fingerprinting complex microbial 
communities, i.e., different populations possibly share the same T-RFs (Marsh et al., 
2000; Kent et al., 2003) and their DNA fragments may co-migrate on DGGE gels 
(Sekiguchi et al., 2001). For T-RFLP analysis, obtaining sequence information of 
specific T-RFs needs to refer the tedious and time-consuming clone library (Mengoni 
et al., 2002).     
Experimental approach  To overcome abovementioned shortcomings, a new 
approach, T-RFs-2D, has been proposed to separate T-RFs on two dimensional gels 
(2D gels). It is assumed that 2D gels could supply better resolution based on two 
independent separation criteria, i.e., fragment size and sequence composition. It is 
further assumed that separation of T-RFs on the second dimension based on sequence 
composition can help to get sequence information of specific T-RFs. To prove these 
hyphotheses, T-RFs-2D has been employed to a river sediment sample and compared 
with DGGE/T-RFLP.  
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1.2.3  Two step denaturing gradient gel electrophoresis (2S-DGGE) for 
taxonomic identification with full-length 16S rRNA gene sequences 
Specific aim 3  To develop an approach as an alternative to clone library to get full-
length 16S rRNA gene sequences and for phylogenetic identification of minor 
populations (<1% in total population abundance). 
Brief background  Both the clone library and DGGE play key roles in 
phyologenetically characterizing dechlorinating cultures (Grostern and Edwards, 2006; 
van Doesburg et al., 2005; Yoshida et al., 2009). The clone library can help to get 
full-length 16S rRNA gene sequences of major bacterial populations by using 
universal primers (e.g. 8F and 1541R), which might miss the minor populations (<1%) 
due to sequencing limited clones (Nocker et al., 2007). Compared with the clone 
library, DGGE can load multiple samples in a single run and observe their microbial 
community profiles directly on gels (Nocker et al., 2007). However, normal DGGE 
can only well separate fragments with maximum of ~500 nucleotides for good 
separation on DGGE gels.     
Experimental approach  To compare multiple microbial communities in a single run 
and obtain full-length 16S rRNA gene sequences without referring to the tedious and 
time-consuming clone library, 2S-DGGE has been developed based on DGGE 
method and, at the same time, overcome abovementioned shortcomings of normal 
DGGE. It is assumed that 2S-DGGE can generate full-length 16S rRNA gene 
sequences, and may have better genotyping capabilities compared with clone libraries 
and normal DGGE due to screening sequence difference within 5 highly variable 
regions. It is further assumed that 2S-DGGE could be used to get full-length 
sequences for phylogentic identification of minor populations. To verify these 
assumptions, 2S-DGGE has been employed to identify dechlorinators in a 2,4,6-
12 
 
trichlorophenol (2,4,6-TCP) dechlorinating culture to demonstrate its applicability. To 
further examine its improvements in phylogenetically identifying minor populations, 
it has been applied in characterzing Dehalococcoides populations in polybrominated 
diphenyl ethers (PBDEs) debrominating cultures.  
 
1.2.4  Developing a sediment-free culture capable of dehalogenating Aroclor 1260 
and other diverse halogenated compounds  
Specific aim 4  To obtain a sediment-free culture capable of dehalogenating Aroclor 
1260 and other halogenated compounds (i.e., PBDEs, chloroethenes, chloroethanes 
and 2,4,6-TCP) for: (1) bioremediation applications at sites cocontaminated by PCB 
mixtures and other halogenated compounds; (2) isolation of PCB dechlorinators by 
using an alternative to Aroclor 1260. 
Brief background  Many PCB contamination sites were co-contaminated by other 
halogenated compounds, e.g., chloroethenes (Salkinoja-Salonen et al., 1995), and 
polybrominated diphenyl ethers (PBDEs) (Hong et al., 2010; Grant et al., 2011), 
which would challenge current existing commercial cultures in bioaugmentation 
applications at these sites. Therefore, it is desirable to obtain a culture capable of 
dehalogenating PCB mixtures and other commonly detected halogenated compounds. 
Also, isolation of PCB dechlorinators from reductive dechlorination of PCB mixtures 
is difficult due to their long lag phase for growth and fastidious requirements for 
culturing conditions (Wiegel and Wu, 2000; Bedard, 2008). Thus far, only two 
isolates, i.e., strain DF-1 and Dehalococcoides sp. CBDB1, have demonstrated the 
capability to dechlorinate Aroclor 1260 (May et al., 2008; Adrian et al., 2009), which 
were isolated by using a PCB congener and trichlorobenzenes, respectively.      
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Experimental approach  The sediment-free Aroclor 1260 dechlorinating cultures 
obtained in the screening stage (Aim 1) are subjected to inoculate subcultures 
amended with following halogenated compounds: octa-BDE mixture, 2,4,6-TCP, 
tetrachloroethene (PCE) and 1,2-dichloroethane (1,2-DCA). It is assumed that one 
culture capable of dehalogenating all these halogenated compounds can be obtained. 
It is further assumed that PCB dechlorinators enriched with Aroclor 1260 can be 
isolated with chloroethenes/1,2-DCA/2,4,6-TCP and still maintain PCB 
dechlorination activities. To examine these assumptions, PCB dechlorinators in the 
chosen culture capable of dehalogenating all abovementioned halogenated compounds 
will be identified with 2S-DGGE, and then their growth coupled with PCB 
dechlorination together with their culture purity will be analyzed by using q-PCR 
targeting both 16S rRNA genes and functional genes encoding reductive 














1.3  Organization of thesis 
The thesis is subdivided into the following chapters.  
•   Chapter 2: Literature review 
The chapter aims to provide a comprehensive review on: (1) cultivation and 
isolation of dechlorinating bacteria; (2) phylogenetic and physiologic diversity 
of isolated dechlorinators; (3) genetic and proteomic analysis of RDases; (4) 
molecular methods applied in studying microbial reductive dehalogenation; (5) 
laborartoy and field studies on reductive dechlorination of PCBs. 
•   Chapter 3: Separation of fluorescence-labelled terminal restriction 
fragment DNA on a two-dimensional gel (T-RFs-2D) - an efficient 
approach for microbial consortium characterization 
This chapter details the development of T-RFs-2D and its application to both 
an enriched PCB dechlorinating culture and a river sediment sample. 
•   Chapter 4: Isolation of a new 2,4,6-trichlorophenol dechlorinating 
Dehalobacter and its phylogenetic characterization by a two-step 
denaturing gradient gel electrophoresis (2S-DGGE) 
This chapter demonstrates the development of 2S-DGGE and its application in 
characterizing a new Dehalobacter bacterium from a 2,4,6-TCP dechlorinating 
culture. 
•   Chapter 5: Reductive dechlorination of Aroclor 1260 by anaerobic 
bacteria from soils and sediments 
This chapter details the screening, enrichment, and phylogenetic identification 




•   Chapter 6: Development of an Anaerobic Sediment-Free Culture That 
Extensively Dehalogenates Aroclor 1260 and other Diverse Halogenated 
Compounds 
This chapter demonstrates the development of a sediment-free culture capble 
of dehalogenating Aroclor 1260 and other diverse halogenated compounds, 
and isolation of PCB dechlorinators from the sediment-free culture. 
•   Chapter 7: Conclusion and recommendations 












































Halogenated organic compounds have long been recognized to be released into 
environment through anthropogenic and natural sources, both of which act as driving 
forces for the evolution of diverse microbial dehalogenation activities (Öberg et al., 
2002; Smidt and de Vos, 2004).  Therefore, dechlorinators have been reported to be 
distributed globally in both polluted and pristine environmental sites (Mohn and 
Tiedje, 1992; Smidt and de Vos, 2004; He et al., 2005).  To characterize PCB 
dechlorinators for bioremediation applications, laboratory cultivation, enrichment and 
isolation of them from these environmental sources are required. However, PCB 
dechlorinators are fastidious to their growth conditions, and have not yet been isolated 
and characterized directly from reductive dechlorination of PCB mixtures (Wiegel 
and Wu, 2000; Bedard, 2008; May et al., 2008). In this chapter, we give a state-of-
the-art review on microbial reductive dehalogenation from dehalogenating cultures to 
their phylogenetic, physiologic and genomic characterization, then specific to 
microbial reductive dechlorination of PCBs and its current existing limitations. Upon 
recognising the difficulties in isolating PCB dechlorinators directly from Aroclor 
1260 dechlorination, we will discuss the possibility in this chapter that pure PCB 
dechlorinators might be obtained by using alternative halogenated compounds. To 
better utilize molecular methods to identify and monitor PCB dechlronator, this 
chapter also illustrates the advantages and disadvantages of current existing molecular 




2.1  Cultivation and isolation of dehalogenators 
Cultivation and isolation of dehalogenators from environmental sources normally 
include three stages: sample collection, culture enrichment, and bacterial isolation 
(Figure 2.1) (He and Wang, 2012). 
  
 
Sample collection  Samples for microcosm setup range from fresh pristine 
sediments/soils, to contaminated groundwater, sediments, soils and digestor sludge 
(Löffler et al., 2005; He et al., 2005).  The procedures for sample collection and 
shipment should limit exposure to air, as most dehalogenating bacteria are obligate 
anaerobes (Löffler et al., 2005).   
Culture enrichment  Microcosm setup is usually conducted inside an anaerobic 
chamber or under a stream of O2-free gas (Löffler et al., 2005).  Culture enrichment 









serial transfers in defined medium amended with various carbon sources (e.g., lactate, 
pyruvate, acetate, formate, or malate).  In the defined medium, dehalogenators 
normally utilize halogenated compounds (e.g., chlorophenols, chloroethanes, 
chloroethenes and PCBs) as electron acceptors and hydrogen (added into medium 
directly or produced from bacterial fermentation of lactate, pyruvate or others) as the 
electron donor (Smidt and de Vos, 2004).  During the enrichment processes, 
molecular genotyping tools (e.g., DGGE and T-RFLP) are employed to monitor the 
microbial community dynamics (Cheng and He, 2009, Lee et al., 2011).     
Bacterial isolation  When the population of dehalogenating bacteria is observed to be 
dominant, subsequent dilution-to-extinction series or agar shakes can be performed to 
isolate target dechlorinators. The culture purity can be indicated by microscope 
observation of uniform cell morphology and molecular analysis based on 16S rRNA 
genes (DeWeerd et al., 1990; Holliger et al., 1998; Maymó-Gatell et al., 1997; Adrian 
et al., 2000; He et al., 2003a; He et al., 2005; Ding and He, 2012). However, it is 
possible that multiple strains in Dehalococcoides genus have identical 16S rRNA 
gene sequences. This is perfectly demonstrated in the isolation process of 
Dehalococcoides sp. GT (Sung et al., 2006b). To cope with this challenge, RDase 
genes have been quantified together with 16S rRNA genes by qPCR based on the fact 
that common RDase genes (e.g., pceA, tceA, vcrA and bvcA) are single copy genes in 
the Dehalococcoides genome (Seshadri et al., 2005; Kube et al., 2005; Sung et al., 
2006b; McMurdie et al., 2009). Due to the requirements for the presence of 
soils/sediments to maintain PCB dechlorination activities and their long lag phase for 
growth (Bedard, 2008; Field and Sierra-Alvarez, 2008), it is difficult to isolate PCB 
dechlorinators in serial dilution bottles amended with PCB mixtures, and thus this 
process becomes the prominent obstacle in characterizing PCB dechlorinators. 
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Whereas PCB dechlorinators likely share similar phylogenetic and physiologic 
characteristics with current existing isolated dechlorinators, e.g. Dehalococcoides 
strains (Bedard, 2008). Therefore, knowledges of current existing isolates might be 
helpful for isolation and characterization of PCB dechlorinating bacteria. 
 
2.2  Phylogenetic and physiologic diversity of isolated dehalogenators 
Thus far, many dehalogenators have been isolated and characterized at 
phylogenetic, physiologic and genetic levels (Futagami et al., 2008).  All the 
dehalogenators are found to be affiliated within three phyla, Proteobacteria (i.e., 
Anaeromyxobacter, Desulfomonile, Desulfovibrio, Desulfuromonas, Geobacter and 
Sulfurospirillum), Firmicutes (i.e., Dehalobacter and Desulfitobacterium) and 
Chloroflexi (i.e., Dehalococcoides species and o-17/DF-1 like Chloroflexi bacteria) 
(Figure 2.2) (Hiraishi, 2008; He and Wang, 2012), which show abilities to 
dehalogenate structurally diverse halogenated compounds (e.g., chloro-/bromo-
phenyls, chloroethanes, chloroethenes, PCBs, PBDEs, etc) (Smidt and de Vos, 2004; 
Futagami et al., 2008; Bunge and Lechner, 2009).  Desulfitobacterium and 
Dehalococcoides are the two most widely observed genera of dechlorinators 
identified in both laboratories and in situ bioremediation sites (Villemur et al., 2006; 
Hiraishi, 2008), particularly Dehalococcoides species which demonstrate 
impressively diverse and extensive dehalogenation activities (Maymó-Gatell et al., 
2001; Fennell et al., 2004; Adrian et al., 2007b; Liu and Fennell, 2008; Adrian et al., 
2007b; Marco-Urrea et al., 2011).  The physiologic characteristics of dechlorinators 





















Figure 2.2. Phylogenetic tree of isolated dehalogenators based on 16S rRNA gene 
sequences. The alignment and phylogenetic tree construction are performed by using 









2.2.1  Proteobacteria 
Dehalogenators in the Proteobacteria phylum phylogenetically belong to six 
genera: Anaeromyxobacter, Desulfomonile, Desulfovibrio, Desulfuromonas, 
Geobacter and Sulfurospirillum.  These bacteria are obligate anaerobes, with the 
exception of Anaeromyxobacter species that can utilize O2 as an alternative electron 
acceptor (Sanford et al., 2002).  They are all non-obligate halorespiring bacteria 
which can acquire energy not only by dehalogenation processes but also by utilizing 
other alternative chemicals (e.g., thiosulfate, sulfite, nitrate, nitrite, U(VI), As(V), 
Fe(III), etc) (DeWeerd et al., 1990; De Wever et al., 1990; Nevin et al., 2007; Sung et 
al., 2006a).  These bacteria are characterized by versatile metabolic aspects, and 
greatly differ from each other in the spectrum of usable electron donors and acceptors 
(Table 2.1).  Dehalogenators in the Desulfomonile genus phylogenetically belong to 
two species, Desulfomonile tiedjei and Desulfomonile limimaris.  The genus 
Desulfomonile with the monotypic species Desulfomonile tiedjei (type strain: DCB-1, 
ATCC 49306) was described in 1990 (DeWeerd et al., 1990), and this was the first 


















Stream sediment Acetate, H2, succinate, 
pyruvate, formate, lactate 2-CP, 2,6- DCP, 2,5-DCP, 2-BP G- 
4 ~ 8 µm × 
0.25 µm 12 h Sanford et al., 2002 
Desulfomonile 





3-chlorobenzoate, PCP, PCE G- 5 ~ 10 µm × 0.8 ~ 1 µm NA
c
 
DeWeerd et al., 1990; 
Mohn et al., 1992; Cole 





Pyruvate, lactate, formate, 













2-BP, 4-BP, 2,4-DBP, 2,6-DBP, 2,4,6-





Acetate, fumarate, lactate, 
propionate, pyruvate, 
alanine, ethanol 





sediment Acetate, pyruvate PCE, TCE G- 
1 ~ 1.7 µm × 




River sediment Acetate, lactate, pyruvate, succinate, malate, fumarate PCE, TCE G- 
0.8 ~ 1.4 µm 
× 0.4 ~ 0.5 
µm 
14.4 ~ 18 h Sung et al., 2003 
Geobacter 
thiogenes strain K1 Subsoil Acetate, acetoin trichloroacetic acid G- NA 4 ~ 5 h 
De Wever et al., 1990; 




sediment Acetate, hydrogen, pyruva PCE, TCE G- 
1 ~ 1.4 µm × 
0.4 µm NA Sung et al., 2006a 
Sulfurospirillum 
multivorans Activated sludge 
Pyruvate, lactate, ethanol, 
formate, glycerol PCE, TCE, dibromoethene G- NA 2.5 h 
Scholz-Muramatsu et 
al, 1995; Luijten et al., 




Anaerobic soil Hydrogen, formate, pyruvate and lactate PCE G- 
2.5 ~ 4 µm × 
0.6 µm NA Luijten et al., 2003 
Table 2.1. Representative isolated dehalogenators in the Proteobacteria phylum 
a e-donor:  electron donor; e-acceptor: electron acceptor. 
b CP: chlorophenol; DCP: dichlorophenol; PCP: pentachlorophenol; BP: bromophenol; DBP: dibromophenol; TBP: tribromophenol; TCE: trichloroethene; PCE: tetrachloroethene. 
c NA: not available. 
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2.2.2  Firmicutes 
The two genera dehalogenators - Dehalobacter and Desulfitobacterium - belong 
to the Firmicutes phylum (Table 2.2).  The genus Dehalobacter is a group of 
obligately dehalogenating bacteria that can only acquire energy from reductive 
dehalogenation processes (Utkin et al., 1994; Holliger et al., 1998).  Dehalobacter 
species have been shown to dechlorinate diverse halogenated compounds, e.g., 
chloroethenes (Holliger et al., 1998; Wild et al., 1997), 1,1,1-trichloroethane (1,1,1-
TCA) (Sun et al., 2002), 1,2-dichloroethane (1,2-DCA) (Grostern & Edwards, 2009), 
beta-hexachlorocyclohexane (van Doesburg et al., 2005), and 4,5,6,7-
tetrachlorophthalide (Yoshida et al., 2009), but each individual species seems to have 
a narrow substrate range (Grostern& Edwards, 2009).  Desulfitobacterium is one of 
the most well characterized groups of dehalogenators, which is strictly anaerobic 
bacteria isolated from environmental sources contaminated with halogenated organic 
compounds (Utkin et al., 1994).  Isolates in this genus are characterized to be 
facultative dehalogenator and can use a wide range of electron acceptors, such as 





















H2 PCE, TCE G- 
2 ~ 3 µm × 
0.3 ~ 0.5 µm 19 h Holliger et al., 1998 
Dehalobacter sp. str. 
TCA1 Sediment H2 1,1,1-TCA G- 
1 ~ 2 µm × 
0.4 ~ 0.6 µm NA
 c




Lake sediment Pyruvate, lactate, formate, hydrogen 
3-chloro-4-hydroxyphenylacetate, both meta- and 
ortho- chlorinated phenyls, e.g., 2,4-DCP G+ 
2.5 ~ 4 µm × 
0.5 ~ 0.7 µm 3.5 h Utkin et al., 1994 
Desulfitobacterium 
sp. strain PCE1 NA 
L-lactate, pyruvate, butyrate, 
formate, succinate, or ethanol 
PCE, 2-CP, 2,4,6-TCP, 3-chloro-4-hydroxy-
phenylacetate G+ NA NA Gerritse et al., 1996 
Desulfitobacterium 
sp. strain KBC1 Soil 
L-lactate, pyruvate, butyrate, 




Municipal sludge Pyruvate PCP, 2,4,5-TCP, 2,4,6-TCP, 2,4-DCP, 3,5-DCP, 3-chloro-4-hydroxyphenylacetate G- 
3.3 ~ 6 µm × 
0.6 ~ 0.7 µm NA 
Christiansen and Ahring, 






sewage sludge & 
soil 
Pyruvate Chlorophenols excepts 2,3 DCP, 2,5-DCP, 3,4-DCP, MCPs G-/ G+
d
 
2.2 ~ 4.5 µm 







butyrate, formate, and 
hydrogen 
PCP, 2,3,4,5-TeCP, 2,3,5,6-TeCP, 2,3,5-TCP, 
2,4,6-TCP, 3,5-DCP, 2,3-DCP, 2,4-DCP, 2-CP G+ 
2.5 ~ 5 µm × 
0.6 µm NA Breitenstein et al., 2001 
Desulfitobacterium 




Pyruvate, lactate, formate 
PCE, TCE, hexaCA, pentaCA, 1,1,1,2-tetraCA, 
1,1,2,2-tetraCA, 1,1,1,2,2,3,3-
heptachloropropane 





Lactate, pyruvate, formate, 
butyrate, crotonate, H2 
3-chloro-4-hydroxybenzoate, ortho-substituted 
chlorophenols except MCPs, 3,5-dibromo-4-
hydroxybenzonitrile, 3,5-dibromo-4-
hydroxybenzoate 
G- 3 ~ 5 µm × 0.5 ~ 1 µm 15.4 h 
Sanford et al., 1996; Cupples 







Lactate, formate, ethanol, 
butanol, butyrate, pyruvate, 
malate 
3-chloro-4-hydroxyphenylacetate, TCE, PCE G+ 2 ~ 5 µm × 0.5 µm NA Finneran et al., 2002 
Table 2.2. Representative isolated dehalogenators in the Firmicutes phylum 
a e-donor:  electron donor; e-acceptor: electron acceptor. 
b CP: chlorophenol; MCP: monochlorophenol; DCP: dichlorophenol; TCP: trichlorophenol; PCP: pentachlorophenol; TCE: trichloroethene; PCE: tetrachloroethene; TCA: trichloroethane; 
         TetraCA: tetrachloroethane; pentaCA: pentachloroethane; hexaCA: hexachloroethane. 
c NA: not available. 
d Gram stain negative but Gram type positive as determined by electron microscopic observations. 
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2.2.3  Chloroflexi 
The isolated dehalogenators (Table 2.3) within the Chloroflexi phylum are 
obligate halorespirers, which include Dehalococcoides species and Dehalococcoides-
like bacterium, strain DF-1.  The isolation of Dehalococcoides ethenogenes strain 195 
in 1997 (Maymó-Gatell et al., 1997) ignited an explosion of research into 
Dehalococcoides spp. and their abilities to reductively dehalogenate halogenated 
organic compounds.  This group of bacteria are unique in possessing small coccoid-
/disc-shaped cells, being resistant to penicillin-type antibiotics, and exhibiting a strict 
tendency to use respiratory modes via utilizing a set of H2 and organohalides as 
physiological substrates (Maymó-Gatell et al., 1997; Adrian et al., 2000; He et al., 
2003b; He et al., 2005; Sung et al., 2006b).  They can extensively halorespire diverse 
halogenated organic compounds, e.g., chloroethenes (Maymó-Gatell et al., 1997; He 
et al., 2003b; He et al., 2005; Sung et al., 2006b), chloroethanes (Maymó-Gatell et al., 
1997; Cheng et al., 2009), chlorophenols (Adrian et al., 2007b), polybrominated 
diphenyl ethers (PBDEs) (He et al., 2007), polychlorinated biphenyls (PCBs) (Adrian 
et al., 2009), etc.  Therefore, they attract great interest as model organisms for the 





















PCE, TCE, cis-DCE, VC; 1,2-DCA, 1,2-
dibromoethane; 1,2,3,4-tetrachlorodibenzo-
p-dioxin; 2,3,4,5,6- Pentachlorobiphenyl; 
1,2,3,4-Tetrachloronaphthalene; HexaCB; 
ortho dechlorination of 2,3-DCP, 2,3,4-
TCP, and 2,3,6-TCP; 2,3,4,5,6-
chlorobiphenyl; 1,2,3,4,7,8-
hexachlorodibenzofuran 
NA coccoid shape 19.2 h 
Maymó-Gatell et al., 1997; 
Maymó-Gatell et al., 2001; 
Fennell et al., 2004; Adrian 






1,2,3-TriCB, 1,2,4-TriCB, 1,2,3,4-TetraCB, 
1,2,3,5-TetraCB and 1,2,4,5-TetraCB, 
hexaCB, PentaCB; 1,2,3- or 1,2,4-TriCDD, 
1,2,3-TriCDD; 2,3-DCP, all six TCPs, all 
three TetraCPs, PCP, Aroclor1260, PCE, 
TCE 
NA diameter 1 ~ 2 μm, coccoid shape NA 
Adrian et al., 2000; 
Jayachandran et al., 2003; 
Bunge et al., 2003; Adrian et 
al., 2007b; Adrian et al., 












cis-DCE, trans-DCE, 1,1-DCE, VC, vinyl 
bromide, 1,2-DCA NA 
diameter 0.8 μm, disc 
shape NA 





sediment H2 TCE, cis-DCE, trans-DCE, 1,1-DCE NA 
diameter 0.8 μm, 
thickness 0.2  μm, disc 
shape 




aquifer H2 TCE, cis-DCE, 1,1-DCE, VC NA 
diameter 0.8 ~ 1.2 μm, 
thickness 0.2~ 0.6 μm, 
disc shape 








sediment H2 PCE, TCE NA 
diameter 1  μm, 
thickness 0.15 μm, disc 
shape 







HexaCBs, PentaCBs, PCE, TCE; penta- to 
trichlorobiphenyl congeners with double-
flanked chlorines on one ring; wethered 
Aroclor1260 
NA diameter 0.075 ~ 0.339 μm, coccoid shape 2 days May et al., 2008 
Table 2.3. Representative isolated dehalogenators in the Chloroflexi phylum 
a e-donor:  electron donor; e-acceptor: electron acceptor. 
b DCP: dichlorophenol; TCP: trichlorophenol; TetraCP: tetrachlorophenol; PCP: pentachlorophenol; VC: vinyl chloride; DCE: dichloroethene; TCE: trichloroethene; PCE: tetrachloroethene; DCA:  
  dichloroethane; TriCB: trichlorobenzene; TetraCB: tetrachlorobenzene; PentaCB: pentachlorobenzene; HexaCB: hexachlorobenzene; TriCDD: trichlorodibenzo-p-dioxins. 
c NA: not available. 
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2.3  Reductive dehalogenase, the key enzyme catalizing reductive dehalogenation 
After obtaining isolated dehalogenators, an important objective is to study their 
functional reductive dehalogenases (RDases), which can both help to understand the 
dehalogenation mechanism and get biomarker information for activity assessment. 
RDases are the key enzymes for microbial reductive dechlorination, which catalyze 
the substitution of a halogen (e.g., chlorine, bromine or iodine atom) with a hydrogen 
atom (Fetzner and Lingens, 1994).  In dehalogenators, the halogen removal by 
RDases drives the dehalorespiration process via forming a proton gradient on either 
side of the bacterial inner membrane (Habash et al., 2004).  Membrane-bound 
hydrogenases and/or formate hydrogenases produce H+ on the periplasmic side of the 
inner membrane, whereas H+ is utilized by a soluble or membrane-associated 
reductive dehalogenase on the cytoplasmic side.  The presence of RDase at the end of 
the electron transport chain allows halogenated substrate to serve as a terminal 
electron acceptor.  Therefore, dehalorespiration performs two important functions, 
which were first proposed by Mohn and Tiedje (Mohn and Tiedje, 1990) based on 
studies with Desulfomonile tiedjei strain DCB-1.  The first function is to form a 
proton motive force that result in H+ movement from the periplasmic to cytoplasmic 
sides of the membrane through an ATP-generating ATPase, while the other function 
is the dehalogenation of halogenated organic compounds.   
The first identified reductive dehalogenase, a novel 3-chlorobenzoate reductive 
dehalogenase (3-CB RDase), is purified from Desulfomonile tiedjei strain DCB-1 (Ni 
et al., 1995).  Later, many RDases have been functionally identified and characterized 
from isolated dehalogenators or highly enriched dehalogenating cultures (Table 2.4).  
The molecular weight of RDases ranges from 37 to 65 kDa, and most RDases are 
membrane-bound and exhibit similar features such as the presence of a TAT (twin 
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arginine translocation, RRXFXK, which mediates transport to or across the cell 
membrane) signal sequence in N terminal region, Fe-S clusters (e.g., Fe4-S4, 
CXXCXXCXXXCP) and a corrinoid cofactor in the C terminal region. RDases are 
oxygen sensitive and will lose their activities upon exposure to air within few hours, 
e.g., the pceA in Dehalobacter restrictus has a half-life activity of 280 min upon 





















Table 2.4. Identified reductive dehalogenase from isolated dehalogenators 
 
Organism Enzyme Molecular weight and number of subunits Cellular localization 
Optimum pH, 
temperature Substrate Chromophore Ref. 
Desulfomonile 
tiedjei DCB-1 3-CB RDase 
Heterodimer 64 and 37 
kDa Membrane-bound 7.2-7.5, 38°C 3-CB Heme Ni et al., 1995 
Sulfurospirillum 
multivorans 







7.5, 42°C PCE, TCE 
A corrinoid and 
two Fe4-S4 
clusters 
Neumann et al., 1996; 
John et al., 2006 
Dehalobacter 
restrictus 
PCE RDase, pceA 
(CAD28790) 
Monomer 
60 kDa Membrane-bound 8.1 PCE, TCE 
A corrinoid and 
two Fe4-S4 
clusters 
Schumacher and Holliger, 
1996; Schumacher et al., 








48 kDa Membrane-bound 8.2, 52°C 
3-chloro-4-
hydroxyphenylacetat




A corrinoid, a Fe4-
S4 cluster and a 
Fe3-S4 cluster 
van de Pas et al., 1999 
Desulfitobacterium 









A corrinoid and 
two FeS clusters van de Pas et al., 2001 
Desulfitobacterium 




48 kDa Membrane-associated NA PCE, TCE 
A corrinoid and 












A corrinoid and 3 






37 kDa Membrane-associated 7.0, <50°C PCP, 2,4,6-TCP 
A corrinoid 












A corrinoid and 
two FeS clusters Thibodeau et al., 2004 
Desulfitobacterium 




58kDa Periplasm 7.0-7.5, 37°C 
PCE, TCE, 1,1,1,2-
TeCA 
A corrinoid and 
two FeS clusters Suyama et al., 2001 
a NA: not available. 
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Table 2.4-continued. Identified reductive dehalogenase from isolated dehalogenators 
Organism Enzyme Molecular weight and number of subunits Cellular localization 
Optimum pH, 















A corrinoid and 
two FeS clusters 
Löffler et al., 1996; 







65 kDa Membrane associated 7.2, 50°C PCE, TCE 
A corrinoid and 




PCE RDase, pceA 
(AAW40342) 
Monomer 
51 kDa Membrane bound 7.0 PCE 
A corrinoid and 
two Fe4-S4 
clusters 




TCE RDase, tceA 
(AAF73916) 
Monomer 
61 kDa Membrane bound 7.0 
TCE, cis-DCE, trans-DCE, 
1,1-DCE, VC 
A corrinoid and 
two Fe4-S4 
clusters 
Magnuson et al., 
1998; Magnuson et 
al., 2000 
Dehalococcoides 





51.2 kDa Membrane associated 6.1 
1,2,3,4-TeCB, 1,2,3-TCB, 
pentachlorobenzene 
A corrinoid and 
two Fe4-S4 
clusters 
Adrian et al., 2007a; 
Jayachandran et al., 
2004 
Dehalococcoides 
sp. strain VS 
VC RDase, vcrA 
(YP_003330719) 
Monomer 
62 kDa Membrane associated NA
a
 All DCE isomers, VC 
A corrinoid and 
two Fe4-S4 
clusters 
Müller et al., 2004 
Dehalococcoides 
sp strain BAV1 
VC RDase, bvcA 










50 kDa Membrane associated NA PCE, TCE Two Fe4-S4 clusters Chow et al., 2010 
 
 
a NA: not available. 
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The sequence similarity (based on amino acid level) among the identified RDases 
is correlative to both their functions and the phylogentic relationship of their host 
dehalogenators (Figure 2.3) (He and Wang, 2012).  PCE RDases from both 
Desulfitobacterium and Dehalobcter genera share high identities with each other and 
they are phylogenetically clustered closely, e.g., PCE RDase in Dehalobacter 
restrictus share 98% similarity with PCE RDase (CAD28792) in Desulfitobacterium 
hafniense TCE1 (543AA/551AA amino acid level) and PCE RDase (YP_519072) in 
Desulfitobacterium hafniense Y51 (542AA/551AA amino acid level).  The amino 
acid sequences of RDases with distinct functions identified in Dehalococcoides 
species share relatively higher similarities as compared with RDases from other 
genera dehalogenators.  The similarities include the lengths of the encoded proteins 
RdhA (450-550 amino acids) and RdhB (85-100 amino acids), the twin arginine 
leader sequence on the N terminus of the rdhA product, two iron-sulfur-cluster-
forming motifs on the C terminus of the rdhA product, and three transmembrane 
helices in the encoded amino acid sequence of rdhB (most RDase loci in the genome 
of Dehalococcoides genus are composed of two genes, rdhA and rdhB) (Seshadri et 
al., 2005; Kube et al., 2005; McMurdie et al., 2009).  The sequence similarity 
reflected in the conserved regions of RDase sequences can be utilized to design 

























Figure 2.3. Phylogenetic tree of purified and characterized reductive dehalogenases 
(RDases) from isolated dechlorinators.  Alignment and phylogenetic analysis are 
performed by using MEGA 4.1 software (Tamura et al., 2007), and the tree is 
constructed by using the neighbor-joining method. 
 
The enzyme activities of RDases identified in dehalogenators within 
Proteobacteria and Firmicutes phyla can be assessed by using the purified RDases for 
their high biomass production from reductive dechlorination processes.  However, 
Dehalococcoides species are fastidious to medium, with long doubling time and very 
low biomass production (Jayachandran et al., 2004; Adrian et al., 2007a; Chow et al., 
2010).  It is difficult to directly use the purified RDases to characterize their activities. 
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Therefore, highly enriched RDases have been utilized to replace purified RDases to 
assess their enzyme activities.  For instance, the two membrane-bound RDases, PCE 
RDase (AAW40342) and TCE RDase (AF228507), are the first two RDases identified 
in Dehalococcoides species, which are partially purified from an anaerobic microbial 
enrichment culture containing Dehalococcoides ethenogenes strain 195 (Magnuson et 
al., 1998).  To date, more than half of the RDase genes deposited in the database are 
from Dehalococcoides, which are obtained either by genome sequencing or PCR 
amplification with degenerate primers.  Interestingly, sequence similarities of RDases 
from different strains may predict the dechlorination activities of their host 
dehalogenators.  For example, RDase genes cbdbA80 and cbdbA1588 in 
Dehalococcoides sp. strain CBDB1 exhibit the highest identities to mbrA gene (98%) 
encoding trans-DCE producing RDase in Dehalococcoides sp. MB and pceA gene 
(93%) encoding the PCE RDase for reductive dechlorination of PCE to TCE in 
Dehalococcoides ethenogenes, respectively.  Until recently, Dehalococcoides sp. 
strain CBDB1 has shown the predicted capabilities to reductively dechlorinate PCE to 












2.4  Employment of molecular techniques in phylogenetic, genomic and 
transcriptomic analysis of dehalogenators 
2.4.1  Traditional molecular tools utilized in studying microbial reductive 
dehalogenation 
Traditional PCR-based molecular techniques (e.g., clone library, T-RFLP, DGGE, 
q-PCR, etc.) have been extensively used to study the microbial reductive 
dehalogenation both in laboratory and field bioremediation, e.g., monitoring microbial 
community dynamics, assessment of dechlorination activities, identification and 
isolation of new dechlorinators, characterization of novel functional genes, etc (Ding 
and He, 2012).  
(1)  Gel electrophoresis platforms for studying microbial community 
structures 
The commonly used gel electrohporesis platforms for microbial community 
analysis usually separate DNA fragments according to their melting behaviour on 
denaturing polyacrylamide gel electrophoresis (PAGE) gels (Fischer and Lerman, 
1979; Fischer and Lerman, 1983).  These platforms had been developed by using two-
dimensional (2D) gel electrophoresis (Fischer and Lerman, 1979), which was called 
DGGE.  Compared with one-dimensional gel electrophoresis, 2D gel electrophoresis 
showed improved resolution and thus have been widely utilized to explore both 
genetic and genomic variability in DNA fragments differing in both size and sequence 
composition (van Orsouw et al., 1998; Vijg and van Orsouw, 1999; Malloff et al., 
2002).  In 1993, Muyzer et al. successfully applied DGGE in studying microbial 
community structures by using one-dimensional DGGE to separate DNA fragments 
according to sequence composition (Muyzer et al., 1993). After that, it became a 
popular tool for microbial community analysis, and the particular advantage of normal 
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DGGE is that the community profiles of multiple samples can be directly observed on 
the same gel and the bands of interest can be excised from the gel for subsequent 
sequencing (Nocker et al., 2007). However, it separated the DNA fragments only 
based on sequence composition, because PCR amplified 16S rRNA gene fragments 
for DGGE analysis roughly have the same fragment size by using universal bacterial 
primer sets (e.g., 341FGC and 518R). Therefore, it cannot be applied in studying 
complex microbial communities due to DNA comigration (Nocker et al., 2007).  
Furthermore, DGGE gels have low comparability due to their variability at different 
runs (Nocker et al., 2007).   
(2)  Identification of dehalogenating bacteria and assessment of culture 
purity 
16S rRNA gene-based techniques, i.e., PCR with genus specific primers, clone-
library, T-RFLP and DGGE, have been widely used to identify the dechlorinators 
through comparing the cultures amended with halogenated compounds and their 
controls without halogenated compounds (Bedard et al., 2007; Cheng and He, 2009; 
Yoshida et al., 2009). However, identification of facultative dehalogenators (e.g., 
Desulfitobacterium, Desulfuromonas and Desulfovibrio species) is more complicated 
due to the fact that they can use non-halogenated compounds as alternatives to 
halogenated compounds as electron acceptors, e.g., thiosulfate, sulfite, nitrate, nitrite, 
U(VI), As(V), Fe(III), etc (Hiraishi, 2008).  To cope with this problem, it is desirable 
to use q-PCR analysis to couple their growth with the reductive dechlorination 
process which could identify whether they are dechlorinating bacteria. Molecular 
analysis based on 16S rRNA and RDase genes is also an important way to confirm the 
culture purity of isolated dehalogenating bacteria beside traditional bacterial 
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cultivation and microscope observation (He et al., 2003b; He et al., 2005; Sung et al., 
2006b; Cheng and He, 2009; Lee et al., 2011).    
 (3)  Identification of novel RDase genes 
RDase genes are the key genes encoding enzymes catalysing reductive 
dehalogenation processes (Mohn and Tiedje, 1990). The direct way to identify 
functional RDases is to separate RDases from other proteins by using 
chromatography/gel separation, to do in vitro activity test, and subsequent N-terminal 
sequencing of the enzyme (Löffler et al., 1996; Miller et al., 1998; Krasotkina et al., 
2001). Later, degenerate PCR primers based on conserved regions of obtained RDase 
amino acid sequences are designed to pool out their gene sequence information. 
However, biomass produced by certain dehalogenators, e.g., Dehalococcoides species, 
is extremely low, of which RDase genes are difficult to be identified by using 
abovementioned proteomic methods (Chow et al., 2010).  Based on the database of 
released RDase gene sequences, degenerate primers can be designed to target the 
conserved sequence regions of RDase genes, and their PCR products will be 
subsequently subjected to clone library construction to get putative RDase gene 
sequence information (Krajmalnik-Brown et al., 2004; Chow et al., 2010). It is 
perceivable that multiple clone libraries with distinct degenerate primer sets may 
retrieve more putative RDase gene information, but it is time-consuming and labour-
intensive (Ding and He, 2012).  
 (4)  Assessing dechlorination activities 
Traditionally, the most evident sign for dechlorination activity is direct monitoring of 
microbial degradation of substrates in situ (Kjellerup et al., 2008).  For more sensitive 
dectetion, molecular tools have been widely used to assess dechlorination activities 
both in laboratories and in situ field applications (Ding and He, 2012). PCR 
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amplification with specific primers targeting 16S rRNA and RDase genes can indicate 
presence of certain dehalogenators and predict their dechlorination potential, but can 
not tell the exact dechlorination activities due to the possibilities of gene unexpression 
(Ding and He, 2012). To get more accurate assessment of dechlorination activities, 
gene expression analysis based on RT-qPCR of mRNA is recommended.  By using 
this method, transcripts of RDase genes have been found to be correlated with active 
dechlorination of chlorinated ethenes (Lee et al., 2006). However, it is noteworthy to 
point out that under certain stress conditions (e.g., elevated temperature and oxygen), 
expression of functional genes may be up-regulated but the corresponding microbial 
activity does not elevate in the meantime (Amos et al., 2008; Fletcher et al., 2011). 
 
2.4.2  Genome sequencing of dehalogenators 
Full genome sequences of dehalogenators provide a better understanding of their 
evolution and dehalorespiration.  In the long term, genome data will serve as a 
foundation for the development of phylogenetic and functional marker probes, for the 
detection and monitoring of dehalogenators in the environment, and for the 
exploration of microbial reductive dehalogenation mechanisms (He and Wang, 2012). 
The first reported complete genome sequence of the dehalogenator is 
Dehalococcoides ethenogenes 195 (Seshadri et al., 2005) (Table 2.5), which 
comprises a 1,469,720 base pair (bp) circular chromosome that contains 1,591 
predicted coding sequences (CDSs).  The genome sequence indicates seventeen intact 
CDSs that encode putative RDases, all possessing twin-arginine transport (TAT) 
signals for export to the periplasm, with adjacent genes that encode potential 
membrane-anchoring proteins (Seshadri et al., 2005).  The genome sequence provides 
insight into the organism’s complex nutrient requirements and its commitment to the 
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halorespiratory process.  For example, the sequence result shows that pathways for the 
synthesis of some cofactors appear incomplete, supporting the observation that 
Dehalococcoides ethenogenes 195 requires additional corrinoid vitamin B12 for 
growth (Maymó-Gatell et al., 1997).  Furthermore, the genome suggests that an 
ancestor of this dehalogenator was a nitrogen-fixing autotroph.  To date, complete 
genome sequences of many dehalogenators, e.g., Anaeromyxobacter dehalogenans 
strain 2CP-1 (NC_011891, 2009 created), Desulfitobacterium hafniense DCB-2 
(NC_011830, 2009 created), Desulfitobacterium hafniense Y51 (NC_007907, 2006 
created), Geobacter lovleyi SZ  (NC_010814, 2008 created), Dehalococcoides 
ethenogenes 195 (NC_002936, 2001 created), Dehalococcoides sp. CBDB1 
(NC_007356, 2005 created), Dehalococcoides sp. BAV1 (NC_009455, 2007 created), 
Dehalococcoides sp. VS (NC_013552, 2009 created), and Dehalococcoides sp. GT 
(NC_013890, 2010 created), are available in online database, and this number is still 
increasing. 
Table 2.5. Comparison of the genomes of five halorespiring strains 




sp strain CBDB1 
Dehalococcoides 
sp strain BAV1 
Dehalococcoides 
sp strain VS 
Taxonomic Clostridia Chloroflexi Chloroflexi Chloroflexi Chloroflexi 
Size (bp) 5,727,534 1,469,720 1,395,502 1,341,892 1,413,462 
GC% 47.4 48.9 47.0 47.2 47.3 
No. of rRNAs 
operons (16S-
23S-5S) 
6 1 1 1 1 
No. of tRNAs 59 46 46 46 46 
Total CDS 5,060 1,580 1,458 1,371 1,442 
% coding 84% 89% 89% 89% 90% 
Total RDase 2 17 32 11 36 
Ref. Nonaka et al., 2006 
Seshadri et al., 
2005 Kube et al., 2005 
McMurdie et al., 
2009 
McMurdie et al., 
2009 
The reported genome sequences of dehalogenators show that the RDase gene 
pairs (rdhAB pairs) are normally present in presumed mobile elements or other highly 
plastic regions, suggesting that these regions are under intense evolutionary pressure 
(Seshadri et al., 2005; Kube et al., 2005; McMurdie et al., 2009).  In most conditions, 
the topologies of rdhA and rdhB trees are identical, corroborating that the two genes 
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are linked in their evolution and that each rdhB product is specific for its associated 
rdhA gene.  The genomes of Dehalococcoides strains are similar in total length (~1.4 
Mb), which are among the smallest genomic sizes for free-living prokaryotes. 
Genome comparison of the four Dehalococcoides strains shows that they share a 
similar core genome.  The core genomes of the two strains from the Pinellas 
phylogenetic subgroup, BAV1 and CBDB1, are extremely similar with an identity of 
core CDS >99% (McMurdie et al., 2009).  By contrast, strain 195 (Cornell subgroup), 
strain VS (Victoria subgroup), and the Pinellas subgroup are separated by comparable 
Jukes-Cantor genetic distances (McMurdie et al., 2009).  Variations among the 
individual genomes occur predominately within the highly plastic regions, which 
contain elevated occurrences of genomic islands (GEIs), insertion sequences (IS), 
other repeated elements, as well as apparent insertions, deletions and inversions.  
These regions account for less than one-fourth of the cumulative length of the four 
genomes, but contain 91 out of 96 RDase genes.  Unlike the small genome size of 
Dehalococcoides strains, the complete genome of Desulfitobacterium hafniense Y51 
is a ~6 Mb circular chromosome (Table 2.5) and encodes complete pathways for the 
synthesis of growth cofactors (Nonaka et al., 2006). 
Genomic studies expand our knowledge in several aspects.  Firstly, dehalogenator 
genomes help to understand the dehalogenator’s metabolism by providing clues on 
the adaptation and dedication of these bacteria to dehalorespiration (He and Wang, 
2012).  For example, the larger genomes of Anaeromyxobacter dehalogenans and of 
two Desulfitobacterium hafniense confirm the versatile metabolism of these bacteria 
as compared to Dehalococcoides spp. that have much smaller genomes and are 
restricted to dehalorespiration.  Secondly, genomics can also help to elucidate the 
apparent complexity of the regulatory networks affecting transcription of RDase 
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genes and their response toward halogenated organic compounds and other 
environmental stimuli.  Most importantly, based on the genomic sequencing 
information of these dehalogenators, comparative phylogenetic, genomic and 
transcriptomic analysis can be conducted using high throughput molecular techniques 
(i.e., microarrays, next-generation sequencing platforms, etc), which supply 
unsurpassed detection capability as compared to traditional molecular techniques (e.g., 
clone library, DGGE and T-RFLP) (He and Wang, 2012). 
 
2.4.3  Employment of high throughput platforms in studying reductive 
dehalogenation 
Dehalogenators in dehalogenating microcosms or in situ bioremediation sites are 
normally in low abundance due to their fastidious growth reqirements, and thus can be 
easily overshadowed by dominant populations (He and Wang, 2012). The 
phylogenetic analysis of dehalogenating bacteria in complex microbial communities 
challenges the traditional molecular fingerprinting technologies (e.g., clone library 
and DGGE), which have difficulties in differentiating rare microorganisms in < 1% of 
total population abundance.  The oligonucleotide microarrays (e.g., PhyloChips and 
GeoChip) (Brodie et al., 2006; He et al., 2007) and next-generation sequencing 
platforms (e.g., 454 GS-FLX system and Illumina Solexa system) (Metzker, 2010) 
have been utilized to overcome the limitations of traditional molecular techniques in 
profiling complex dehalogenating microbial communities.  The microarrays for 
phylogenetic analysis employ 16S rRNA gene-targeted oligonucleotide probes (18-50 
mers) possessing hierarchical and parallel specificity for the detection of all known 
dehalogenators and other relative bacteria to assess their presence and abundance in 
the studied microbial ecologies.  To date, the phylogenetic oligonucleotide 
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microarrays (e.g., PhyloChips) have been successfully employed to monitor the 
microbial community shifts both in dechlorinating microcosms and in situ 
bioremediation sites of TCE contamination (Conrad et al., 2010; Ding and He, 2012).  
However, the accumulative sequencing data exhibit that dechlorinating bacteria either 
share the same 16S rRNA gene sequence among distinct strains (Sung et al., 2006b) 
or possess multiple 16S rRNA genes within a single strain (Nonaka et al., 2006).  
Therefore, the oligonucleotide microarrays (e.g., GeoChip) integrating both functional 
gene- and 16S rRNA gene-specific probes could supply more accurate assessments of 
the diversity and role of interested dehalogenators.  Compared to oligonucleotide 
microarrays, phylogenetic analyses by using next-generation sequencing platforms do 
not require (and also are not limited to) prior sequence knowledge.  Through primer 
barcoding, hundreds to thousands of samples could be pyrosequenced simultaneously 
by using next-generation sequencing platforms like Illumina Solexa system together 
with PE150 pair-end sequencing strategy.  The powerful capabilities of next-
generation sequencing platforms in fingerprinting dechlorinating microbial 
communities have been demonstrated with samples from H2-based membrane biofilm 
reactors fed with different electron-acceptors (i.e., nitrate, nitrite+TCE, 
nitrate+sulfate+TCE+1,1,1-TCA+chloroform) (Zhang et al., 2010).  The comparative 
community analysis through pyrosequencing showed that chlorinated solvents could 
change the microbial diversity in the biofilm by allowing the growth of specific 
bacteria (Zhang et al., 2010).   
Both genomic and transcriptomic analyses by using microarrays or next-
generation sequencing technologies have facilitated the elucidation of metabolic 
processes of dehalogenators.  Several dechlorinators, like Dehalococcoides 
ethenogenes 195 and CBDB1, are of constant interest to researchers because of their 
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diverse and extensive dehalogenation capabilities.  Based on the genome sequence of 
Dehalococcoides ethenogenes strain 195, a microarray containing probes 
covering >99% of the predicted protein-coding sequences in strain 195 genome has 
been utilized to query the genomic content of an enriched TCE-dechlorinating ANAS 
culture, which revealed that Dehalococcoides species in ANAS culture and strain 195 
share the same genes for central metabolism, e.g., carbon fixation pathway, 
cobalamin-salvaging system, nitrogen fixation pathway, etc (West et al., 2008).  The 
same microarray is also employed to monitor the dynamic changes in the 
transcriptome of strain 195 during the transition into stationary phase (Johnson et al., 
2008) and its linkage to growth factor availability, e.g., corrinoid cofactor, electron 
acceptor, electron donor, carbon source and nitrogen source (He et al., 2007; Johnson 
et al., 2008; Johnson et al., 2009; Lee et al., 2009).  After the release of genome 
sequences of strains 195, CBDB1, BAV1 and VS, a new microarray covering 98.6% 
open-reading frames from all these 4 strains has been developed to query the genomes 
of two newly isolated Dehalococcoides strains, ANAS1 and ANAS2 (Lee et al., 
2011).  So far, the information of transcriptomic analysis of dechlorinators by using 
next-generation sequencing techniques (RNA-Seq) is still limited.  Nevertheless, 
RNA-Seq is a promising technique for genome-wide transcriptomic analysis of 
microbial reductive dehalogenation for its advantages (e.g., no prior knowledge on 
sequence information) over normal microarrays.  
 
2.5  Microbial reductive dechlorination of PCBs 
Chlorine removement from highly chlorinated PCB mixtures (e.g., Aroclor 1260) 
is limited in ananaerobic conditions (e.g., sediment, groundwater, soil, etc.) through 
microbial reductive dechlorination processes (Bedard, 2008).  Thusfar, the PCB 
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dechlorination has been investigated for more than 20 years since the first report of in 
situ PCB dechlorination (Brown et al., 1987), which mainly focuses on characterizing 
PCB dechlorination patterns, developing sediment-free cultures, identifying PCB 
dechlorinators and employing them in situ field applications. 
 
2.5.1  PCB dechlorination patterns 
Based on PCB dechlorination pathways (i.e., patterns of PCB congener loss and 
product formation) observed in laboratory and field studies, eight different PCB 
dechlorination patterns have been summarized (Table 2.6) (Brown et al., 1987; 
Wiegel and Wu, 2000; Bedard, 2003; Field et al., 2008). Other processes can be 
explained as combinations of these eight (Wiegel and Wu, 2000; Bedard, 2003).  
Table 2.6. PCB dechlorination Patterns (Brown et al., 1987; Wiegel and Wu, 2000) 
Pattern Targeted chlorine Reactive chloro group (underline group is dechlorinated) 
P Flanked para 34, 234, 245, 2345, 23456 
H Flanked para and double flanked meta of 234 34, 234, 245, 2345 
H’ Flanked para, double flanked meta of 234, and flanked meta of 23 23, 34, 234, 245, 2345 
N Flanked meta 234, 236, 245, 2345, 2346, 23456 
M Flanked and unflanked meta 3, 23,25, 34, 234, 236 
Q Flanked and unflanked para, double flanked meta of 234, and flanked meta of 23 4, 23, 24, 34, 234, 245, 246 
LP Flanked and unflanked para 24, 245, 246 
T Double flanked meta 2345 
Microbial reductive dechlorination of PCBs typically attacks meta- and/or para- 
chlorines to generate primarily ortho-substituted mono- through tetrachlorobiphenyls 
(Wiegel and Wu, 2000). However, chlorine removement from ortho-position of 
several individual PCB congeners (e.g., 24-CB, 246-CB and 2356-CB) also has been 
reported (Van Dort et al., 1991; Berkaw et al., 1996; Wu et al., 1997). Interestingly, 
the PCB dechlorination patterns can be changed along with temperature and pH (Wu 
et al., 1997; Wiegel and Wu, 2000), which might be due to microbial community 
shifts under different temperature and pH conditions. For example, Process N and LP 
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are the major dechlorination patterns observed in Woods Pond sediment samples at 
25°C and pH 6.0-7.5, and Process LP is only a minor reaction at temperature below 
18°C (Wu et al., 1997).  
 
2.5.2  Sediment-free PCB dechlorinating cultures 
Developing sediment-free PCB dechlorinating cultures in laboratory is a critical 
and challenging process to further characterize PCB dechlorinators and the genes 
responsible for major PCB dechlorination processes in the environment, and thus 
could lead to effective remediation applications (Bedard, 2008).  The studies on PCB 
dechlorination were initially hampered by the requirement of sediment to sustain and 
transfer PCB dechlorination activities (Wu et al., 1997a), which might be due to their 
high hydrophobility and low bioavailability of PCB congeners.  Until 1998, the first 
sediment-free PCB dechlorinating culture, designated the ortho-dechlorinating culture, 
was established (Cutter et al., 1998).  This sediment-free culture was derived from 
Baltimore Harbor sediment and enriched on 2356-CB in an estuarine medium with 
gradual removal of sediment over four transfers.  For the first time, this culture 
showed that PCB dechlorination activity could be maintained in complete absence of 
soil or sediment (Cutter et al., 1998).  However, the dechlorination activity in this 
culture is limited to PCB congeners chlorinated on a single ring that are not prominent 
in any of the Aroclors.  Recently, through employment of a strategy of utilizing silica 
powder to replace sediment as a carrier for PCBs, a sediment-free culture (named JN 
culture) fed with Aroclor 1260 (Bedard et al., 2006) was developed from Woods Pond 
sediment and retained the capability to dechlorinate the same broad spectrum of PCB 
congeners as in situ, i.e., via Process N dechlorination of Aroclor 1260.  
Dehalococcoides in JN cultures have been demonstrated to couple the growth with 
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PCB dechlorination through quantitive q-PCR analysis, which proves that commercial 
PCB mixtures can act as terminal electron acceptors to support dehalorespiration. 
 
2.5.3  Identification of PCB dechlorinating bacteria 
Early studies suggested that bacteria responsible for PCB reductive 
dechlorination might be methanogens (Ye et al., 1995), spore-forming sulfidogenic 
bacteria (Ye et al., 1999), or nonspore-forming sulfate reducers (Zwiernik et al., 
1998).  However, none of them have been identified to be PCB dechlorinators. 
Through culture enrichment and molecular techniques (e.g., clone library and DGGE), 
all PCB dechlorinators are identified to be affiliated within the Chloroflexi phylum, 
i.e., Dehalococcoides and Dehalococcoides like o-17/DF-1 (Bedard, 2008). 
Chloroflexi bacterium o-17 is the first identified PCB dechlorinator from a highly 
enriched culture removing ortho-chlorines from 2356-CB, of which the 16S rRNA 
gene sequence shares the highest similarity of 89% with that of Dehalococcoides 
ethenogenes strain 195 (Cutter et al., 2001). The second PCB dechlorinator identified 
is Chloroflexi bacterium DF-1, which was enriched with 2345-CB and can 
dechlorinate PCB congeners with doubly flanked chlorines (Wu et al., 2002). 
Dehalococcoides ethenogenes strain 195, best known for halorespiring chlorinated 
ethenes, was also reported with capabilities to dechlorinate several PCB congeners 
chlorinated on a single ring (i.e. 23456-CB, 2346-CB and 2356-CB) when grown on 
PCE/TCE (Fennell et al., 2004). However, these PCB dechlorinators can only utilize a 
limited range of individual PCB congeners which are not major PCB contaminants 
existed in environment. Recently, the first sediment-free JN culture for reductive 
dechlorination of Aroclor 1260 has been developed (Bedard et al., 2006). In JN 
cultures, Dehalococcoides species were identified to be PCB dechlorinators by using 
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PCR amplification with genus-specific primers, which were further proved to couple 
their growth with chlorine-removement through q-PCR analysis (Bedard et al., 2007). 
Later, three phylotypes (i.e. o-17/DF-1 like SF1 and SF2, and Dehalococcoides sp. 
DEH10) within the Chloroflexi phylum were also identified in an Aroclor 1260 
dechlorinating microcosm (Fagervold et al., 2007). Further enrichment and isolation 
of PCB dechlorinators directly from Aroclor 1260 dechlorinating cultures have not 
been reported, which might be due to the low PCB dechlorination rates compared 
with other chlorinated compounds (e.g. chloroethenes, chloroethanes, chlorophenols, 
etc). Dehalococcoides sp. CBDB1, isolated from dechlorination of chlorobezenes, is 
another bacteria shown to extensively dechlorinate Aroclor 1260 in PCB 
dechlorination Process H when grown on trichlorobenzenes (Adrian et al., 2009). 
 
2.5.4  Isolation of PCB dechlorinators 
Thus far, very limited pure cultures have been demonstrated with PCB 
dechlorination capabilities. The PCE dechlorinating bacteria, Dehalococcoides 
ethenogenes 195, can dechlorinate 23456-CB to 2346-CB/2356-CB and 246-CB when 
pregrown on PCE (Fennell et al., 2004). Bacterium DF-1 is the first PCB 
dechlorinator isolated using a PCB congener (i.e., 2345-CB), and is the first 
microorganism in pure culture to grow on PCBs (May et al., 2008). Strain DF-1 can 
dechlorinate PCBs with double-flanked chlorines and several PCB congeners of 
weathered Aroclor 1260 in historically contaminated sediments (May et al., 2008). 
However, the growth of DF-1 requires Desulfovibrio spp. in coculture or their cell 
extract, and its growth on Aroclor 1260 has not been investigated (May et al., 2008). 
Another pure culture, Dehalococcoides sp. CBDB1, well known for chlorobeneze 
dechlorination, has been reported to extensively dechlorinate PCB mixtures (i.e., 
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Aroclor 1254 and Aroclor 1260) in PCB dechlorination Process H when pregrown on 
trichlorobenzenes and using silica powder as the PCB carrier instead of sediments 
(Adrian et al., 2009). 
The reasons for being difficult to get pure PCB dechlorinating bacteria might be 
their fastidious requirements for growth conditions and weak competence over other 
bacteria. The genome sequencing data of dehalogenators showed that single genomes 
normally harbour multiple RDase genes, which predicted their diverse dechlorination 
capabilities (McMurdie et al., 2009). Thus, it is highly possible to enrich PCB 
dechlorinators using PCB mixtures first, and then utilize other alternative halogenated 
compounds to isolate PCB dechlorinators. This strategy has been perfectly 
demonstrated in isolation of 1,2,4-TriCDD-dechlorinating Dehalococcoides sp. 
DCMB5, which was enriched with 1,2,4-TriCDD but isolated with 1,2,3-TriCB 
(Bunge et al., 2008).  
 
2.5.5  Bioremediation applications 
In situ PCB dechlorination has been extensively investigated in the Housatonic 
River and Woods Pond (Lenox, Massachusetts) (Bedard, 2008).  The Housatonic 
River was contaminated with highly chlorinated PCBs and weathered unidentified 
hydrocarbon oil.  The sediments of Woods Pond, a stretch of the Housatonic River in 
western Massachusetts, are rich in organic content and are highly methanogenic.  PCB 
concentrations in Woods Pond range from 15 to 180 ug gram-1 (sediment dry weight), 
and the oil concentrations range from 5.3 to 32.4 mg gram-1 (sediment dry weight) 
(Bedard and May, 1996a).  The PCBs present in the sediments are a mixture of 
partially dechlorinated Aroclor 1260 and Aroclor 1254 (95%:5%).  The congener 
distribution analysis exhibited the evidence for microbial reductive dechlorination of 
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Aroclor 1260 in situ, in which hexa- and hepta-CBs were decreased by as much as 45% 
(Bedard and May, 1996a).  The major patterns of PCB dechlorination in those 
sediments have been identified to be N, P, and LP (Bedard and May, 1996a; Bedard et 
al., 1996b).  In Aroclor 1260 contaminated sediments from Woods Pond, 25-34-CB 
successfully primed the PCB dechlorination through selectively enriching PCB 
dechlorinating microorganisms (Bedard et al., 1996b), which laid a foundation for the 
development of in situ methods for bioremediation of PCBs.  In subsequent 
investigations, several other compounds have also been found to prime various 
patterns of PCB dechlorination in situ, e.g., 2346-CB (primed Pattern N at 8 to 30°C, 
Pattern P at 12 to 34°C, Pattern LP at 18 to 30°C, and Pattern T at 50 to 60°C), 
23456-CB and 236-CB (primed Process N), mono-, di-, and tribrominated biphenyls 
congeners containing a meta bromine (primed Process N), congeners containing 
unflanked para bromines (primed Process P) (Wu et al., 1997b; Van Dort et al., 1997; 
Bedard et al., 1998; Wu et al., 1999).  The PCB dechlorination primed by the 
brominated biphenyls was nearly twice as effective as that primed by chlorinated 
biphenyls (Bedard et al., 1998). 
 
2.5.6  Problems/Challenges to be addressed 
Although microbial reductive dechlorination of PCBs have been extensively 
studied for more than 20 years, the information involved in sediment-free PCB 
dechlorinating cultures, identified PCB dechlorinators and their 
isolation/characterization is still limited.  There are still many problems stated as 
following need to be addressed: 
(1)  Development of sediment-free PCB dechlorinating cultures 
50 
 
Developing sediment-free cultures for reductive dechlorination of PCB mixtures 
can faciliatate the processes of identification, enrichment and isolation of PCB 
dechlorinators. Although most cultures require the presence of sediments to maintain 
PCB dechlorination activities, several sediment-free PCB dechlorinating cultures (e.g., 
o-17 culture and JN cultures) have been obtained through optimizing their growth 
conditions, which demonstrates that not all PCB dechlorinators require the existence 
of sediments to maintain their PCB dechlorination activities. Therefore, screening 
PCB dechlorination activities in a large sample pool can help to establish sediment-
free PCB dechlorinating cultures and to explore new PCB dechlorinators. 
(2)  Employment of molecular tools to identify PCB dechlorinators  
PCB dechlorinators are normally identified by using PCR amplification with 
genus-specific primers, clone library and DGGE, which can be further confirmed 
through q-PCR analysis to couple their growth with chlorine removement. However, 
these methods can not guarantee to cover interested PCB dechlorinators, especially 
the PCB dechlorinators existed as minor populations. NGS platforms can overcome 
this shortcoming and supply unsurpassed detection capability, but generate only short 
read lengths. Thus, developing new methods/strategies to complement NGS can help 
to comprehensively and accurately assess PCB dechlorinators in PCB dechlorinating 
cultures. 
(3)  Isolation of PCB dechlorinators  
Thus far, information of pure PCB dechlorinating bacteria is limited, and their 
commercialized cultures are still not available. To characterize the substrate range of 
sediment-free PCB dechlorinating cultures can help to isolate PCB dechlorinators by 
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3.1  Abstract 
Fingerprinting techniques provide access to understanding the ecology of 
uncultured microbial consortia.  However, the application of current techniques such 
as terminal restriction fragment length polymorphism (T-RFLP) and denaturing 
gradient gel electrophoresis (DGGE) has been hindered due to their limitations in 
characterizing complex microbial communities.  This is due to that different 
populations possibly share the same terminal restriction fragments (T-RFs) and DNA 
fragments may co-migrate on DGGE gels.  To overcome these limitations, a new 
approach was developed to separate terminal restriction fragments (T-RFs) of 16S 
rRNA genes on a two-dimensional gel (T-RFs-2D).  T-RFs-2D involves restriction 
digestion of terminal fluorescence-labelled PCR amplified 16S rRNA gene products 
and their high-resolution separation via a two-dimensional (2D) gel electrophoresis 
based on the T-RF fragment size (1st D) and its sequence composition on the 
denaturing gradient gel (2nd D).  The sequence information of interested T-RFs on 2D 
gels can be obtained through serial poly(A) tailing reaction, PCR amplification, and 
subsequent DNA sequencing.  By employing the T-RFs-2D method, bacteria with 
MspI digested T-RF size of 436 (±1) bp and 514 (±1) bp were identified to be a 
Lysobacter sp. and a Dehalococcoides sp. in a polychlorinated biphenyl (PCB) 
dechlorinating culture.  With the high resolution of 2D separation, T-RFs-2D 
separated 63 DNA fragments in a complex river-sediment microbial community, 
while traditional DGGE detected only 41 DNA fragments in the same sample.  In all, 
T-RFs-2D has its advantage in obtaining sequence information of interested T-RFs 
and also in characterization of complex microbial communities.  
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3.2  Introduction       
Phylogenetic profiling of microbial communities is an important approach to 
characterize microorganisms in engineered and environmental samples (Liu and Stahl, 
2002; Nocker et al., 2007).  Among various 16S rRNA gene-based genotyping 
approaches, terminal restriction fragment length polymorphism (T-RFLP) (Liu et al., 
1997) and denaturing gradient gel electrophoresis (DGGE) (Muyzer et al., 1993) are 
the most commonly used techniques to either compare microbial communities of 
various samples or to capture a single microbial community structure of an individual  
sample (Wu and Liu, 2007).  
T-RFLP and DGGE differ mainly in comparability between runs, detection 
sensitivity, quantification capability, and accuracy (Moeseneder et al., 1999; Wu and 
Liu, 2007; Nocker et al., 2007).  T-RFLP is a high-throughput, sensitive and 
reproducible method that can be used to carry out both qualitative and quantitative 
analyses of a particular gene in a microbial community (Wu and Liu, 2007; Nocker et 
al., 2007).  The microbial diversity can be evaluated based on the size polymorphism 
of fluorescence-labelled terminal restriction fragments (T-RFs).  However, the 
diversity could be underestimated by the fact that multiple and possibly unrelated 
gene sequences may share the same T-RF length (Marsh et al., 2000; Kent et al., 
2003).  Therefore, cloning each size-selected T-RF is required in order to infer the 
phylogenetic identities of predominant T-RFs with high confidence (Mengoni et al., 
2002).  In comparison, DGGE can separate PCR products (normally < 600 bp) with as 
little as 1 bp variation in a polyacrylamide gel containing a linear gradient of DNA 
denaturants of urea and formamide according to their melting behavior (Fischer and 
Lerman, 1979; Fischer and Lerman, 1983; Muyzer et al., 1993).  DGGE has been 
developed initially by using two-dimensional (2D) gel electrophoresis (Fischer and 
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Lerman, 1979), which separated genome fragments of E.coli DNA according to two 
independent criteria, fragment size and sequence composition, to identify the insertion 
of a 48-kb lambda phage.  The 2D gel electrophoresis has improved resolution 
compared to one-dimensional gel electrophoresis (Vijg and van Orsouw, 1999), which 
has been widely utilized to explore both genetic and genomic variability in DNA 
fragments differing in both size and sequence composition (van Orsouw et al., 1998; 
Vijg and van Orsouw, 1999; Malloff et al., 2002).  However, DGGE for phylogenetic 
analysis has been applied as one-dimensional gel electrophoresis only according to 
their sequence composition (Muyzer et al., 1993; Juck et al., 2003; Nakasaki et al., 
2009).  The reason is that PCR amplified 16S rRNA gene fragments for DGGE 
analysis roughly have the same fragment size by using universal bacterial primer sets 
(e.g., 341FGC and 518R), leading to the first dimension of the 2D gel useless.  The 
particular advantage of DGGE is that the bands of interest can be excised from the gel 
for subsequent sequencing.  This band-retrieving approach on one-dimensional gel 
electrophoresis is only applicable to low bacterial diversity, since co-migration of 
DNA fragments on DGGE gels can be a problem when fingerprinting complex 
microbial communities (Sekiguchi et al., 2001).  Furthermore, DGGE gels have low 
comparability due to their variability at different runs (Nocker et al., 2007).  Thus, 
limitations of these two methods restrict their application on microbial community 
analysis.  
By employing fluorescence labelling techniques and restriction digestion, we 
developed an efficient approach – separation of fluorescence-labelled terminal 
restriction fragments (100 - 600 bps) of 16S rRNA genes on a two-dimensional gel 
(T-RFs-2D) – for profiling microbial communities.  This method takes advantage of 
both T-RFLP and DGGE, while at the same time, shows better resolution than each 
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individual method.  To determine its applicability, the developed T-RFs-2D method 
was applied to phylogenetically identify bacteria with specific T-RF sizes in a 
polychlorinated biphenyl (PCB) dechlorinating culture.  Due to sensitive detection of 
fluorescence labelled fragments and high resolution of 2D separation, T-RFs-2D was 
also applied to profile a microbial community of a river-sediment sample.  This T-
RFs-2D method sheds light on better understanding of complex microbial ecologies in 
the environmental samples.  
 
3.3  Materials and methods 
3.3.1  DNA extraction, PCR amplification, and restriction digestion  
Total genomic DNA was extracted with Qiagen DNeasy Blood and Tissue Kit 
(QIAGEN, GmbH, Germany) from 1 ml of cell pellets according to the 
manufacturer’s instructions with minor modifications (Chow et al., 2010).  The 
concentration of the nucleic acid was determined on a Nanodrop-1000 (NanoDrop 
Technologies Inc., Wilmington, DE, USA). 
Polymerase chain reactions (PCR) were conducted under conditions shown below.  
The PCR solution (100 μl) mixture contained 1× buffer solution, 2.5 mM of MgCl2, 
0.13mg/ml of BSA, 0.25 mM of each dNTP (dATP, dTTP, dGTP, dCTP), 50 nM of 
each primer (primer sequences in Table 3.1), 1 U of Taq DNA polymerase (QIAGEN, 
GmbH, Germany) and 25-50 ng/µl of genomic DNA or ~0.5 ng/µl of poly(A) tailed 
T-RFs.  PCR amplification was carried out on a Mastercycler® cycler (Eppendorf, 
Hamburg, Germany) with a touchdown thermocycling program: initial denaturation 
(95°C, 5 min); 20 cycles of 95°C (1 min), annealing (decreasing from 65°C to 55°C at 
-0.5°C/cycle, 1 min), and 72°C for 1 min 30 s; an additional 20 cycles with annealing 
at 55°C; and final extension (72°C, 5 min).  PCR products were subsequently resolved 
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on 1% argarose gel and visualized on a Molecular Imager Gel Doc XR System (Bio-
Rad, Hercules, CA, USA).  The amplified PCR products were purified using 
QIAquick PCR purification kit (QIAGEN, GmbH, Germany) according to the 
manufacturer’s instructions.  The concentration of purified PCR products was then 
quantified using the Nanodrop.  Then the PCR products were digested for three hours 
with HhaI (GCG^C), MspI (C^CGG), RsaI (GT^AC) or HaeIII (GG^CC) (New 
England Biolabs, Ipswich, MA, USA).  
 
3.3.2  T-RFLP analysis  
The purified digestion products were separated on a CEQ™ 8000 genetic analysis 
system (Beckman Coulter, Brea, CA, USA) as described previously (Wu and Liu, 
2007).  Briefly, mixtures were prepared with 1Ԝμl of purified digestion products, 0.2Ԝμl 
of GenomeLab™ DNA size standard (Beckman Coulter, Brea, CA, USA), and 38.8Ԝμl 
of sample loading solution (Beckman Coulter, Brea, CA, USA).  The mixture was 
transferred into a 96-well plate, and overlaid with one drop of mineral oil.  The plate 
was then loaded into the CEQ™ 8000 system together with a buffer plate filled with 
separation buffer (Beckman Coulter, Brea, CA, USA).  The capillary electrophoresis 
were programmed as a denaturation step (90°C, 120Ԝs), an injection step under a 
voltage of 2.1ԜkV for 15Ԝs (or 6ԜkV for 5Ԝs), and a separation step (58°C, 16Ԝmin) under 
a voltage of 6.0ԜkV.  Fluorescence intensity data were automatically collected and 
subsequently analyzed by the fragment analysis software (provided with the CEQ™ 
8000 system) with a cut-off criterion of 50 fluorescence units.   
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3.3.3  1D and 2D electrophoresis, imaging, and band/spot excision 
1D/2D electrophoresis was run on a D-Code Mutation Detection System (Bio-
Rad, Hercules, CA, USA).  The T-RFs representing a microbial community were 
separated on a non-denaturing polyacrylamide gel according to size difference (first 
dimension), and then separated on a parallel denaturing gradient polyacrylamide gel 
according to their melting behavior (second dimension).  In brief, the first dimension 
separation was performed by loading 40 µl of digestion products on a 16 cm × 16 cm 
× 1.0 mm 8% polyacrylamide gel casted on a 20 cm × 16 cm gel tray in 0.5× TAE 
buffer.  Electrophoresis was performed at a constant electric current of 25 mA for 6 h 
at room temperature.  The lane from the first dimension gel was then excised by using 
an ethanol-washed knife and overlaid onto the top of a 16 cm × 16 cm × 1.0 mm 8% 
denaturing gradient polyacrylamide gel with a parallel gradient range of 30-75% (100% 
denaturant consisted of 7 M urea and 40% deionized formamide in 0.5× TAE buffer).  
Non-denaturing polyacrylamide gels were cast as described previously (Fischer SG 
and Lerman, 1979).  Gradient gels were cast with Bio-Rad’s Model 475 gradient 
delivery system (Bio-Rad, Hercules, CA, USA).  Both the normal DGGE and the 
second dimension of 2D electrophoresis were performed for 15 h at a constant electric 
current of 30 mA and a temperature of 60°C.  Gel images of Cy5 labelling DNA were 
taken by using a TyphoonTM 9200 (Amersham, Piscataway, NJ, USA) fluorescence 
gel scanner with a detection limit of 200 amol on polyacrylamide gels, which was 
equipped with a 670-nm band-pass filter that transmitted lights between 655 nm and 
685 nm and had a transmission peak centered at 670 nm (Hu Y et al., 2003).  After 
gel imaging of Cy-5 labelling DNA fragments using laser imagers, the 2D gel was 
further stained with SYBR® Gold (Invitrogen, Carlsbad, CA, USA) and scanned with 
Molecular Imager Gel Doc XR System (Bio-Rad, Hercules, CA, USA).  Through 
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comparing images obtained with both imagers, targeted bands/spots on 1D/2D gels 
were then be excised with an ethanol-washed knife.   
 
3.3.4  poly(A) tailing reaction 
After separation on the 2D gel, the T-RFs of interest were retrieved according to 
a protocol described previously (Liang et al., 2007) and the DNA was extracted using 
the QIAEX II Gel Extraction Kit (QIAGEN, GmbH, Germany).  The fragmented 
DNAs were subjected to poly(A) tailing reactions in order to add poly(A) tails to T-
RFs’ 3’ end serving as reverse primer targeting sequences for subsequent PCR 
amplifications, which was performed with the terminal transferase (New England 
Biolabs, Ipswich, MA, USA) according to the manufacturer’s protocol, except that the 
starting DNA quantity was adjusted to 0.5 ng.  In order to effectively add poly(A) 
tails to 5’ or 3’ end overhanging T-RFs (e.g., MspI-T-RFs), sticky ends can be blunt 
with Taq DNA polymerase together with dNTPs before poly(A) tailing reaction. The 
poly(A) tailed T-RFs were PCR re-amplified, following by purification, sequencing 
and alignment as previously described (He et al., 2003).   
 
3.3.5  Cultures 
Dehalococcoides sp. strain MB (EU073964) that dechlorinates tetrachloroethene 
to dominant trans-DCE was used as a positive control in this chapter and was 
maintained as described previously (Cheng and He, 2009).  A coculture (unpublished 
information) consisting of Dehalobacter sp. strain TCP2 (HQ241935) and a 
Lysobacter species (HQ241936) was selected to study sequence melting behavior on 
denaturing gradient polyacrylamide gels.  This coculture dechlorinates 2,4,6-
trichlorophenol (2,4,6-TCP) to 4-monochlorophenol (4-CP).  The developed T-RFs-
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2D approach was applied to a sediment-free culture that dechlorinates polychlorinated 
biphenyl mixture - Aroclor1260, and a river-sediment sample collected from a river 
bank around a wastewater discharge site. 
 
3.3.6  Nucleotide sequence accession numbers 
The partial 16S rRNA gene sequences extracted from gel bands and spots were 
deposited at the GenBank accession numbers of JF903854-JF903867.   
 
3.4  Results 
3.4.1  T-RFs-2D development  
As shown in Figure 3.1, the initial step of T-RFs-2D involved PCR amplification 
with fluorescent end-labelled primer set, Cy5-8FGC and 518R (Table 3.1).  The 
obtained PCR products were then subjected to restriction digestion with restriction 
endonucleases, e.g., MspI or RsaI.  The resulting T-RFs were subsequently separated 
using two-dimensional (2D) polyacrylamide gel electrophoresis.  In this step, T-RFs 
were firstly separated according to their size on the first dimension of non-denaturing 
polyacrylamide gel, and then separated based on their sequence-specific melting 
behavior on the second dimension of denaturing gradient polyacrylamide gel.  After 
2D separation, the whole microbial community profile can be visualized by a laser-
based imager.  Sequence information of interested T-RFs from 2D gels can be 
obtained through serial processes of poly(A) tailing reaction, PCR re-amplification 






















Table 3.1. Primers used in this chapter. 
Primer Target Orientation Sequence (5’ to 3’) Reference or source 
8F/Cy5-8Fa Bacteria 16S rRNA genes Forward AGAGTTTGATCCTGGCTCAG 
Reysenbach et al, 
1994 
518R Bacteria 16S rRNA genes Reverse ATTACCGCGGCTGGCTGG Ovreas et al., 1997 
518RG Bacteria 16S rRNA genes Reverse GATTACCGCGGCTGCTGG This study 
518RCGC Bacteria 16S rRNA genes Reverse CGCATTACCGCGGCTGCTGG This study 
polyT poly(A) tail sequence Reverse TTTTTTTTTTTTTTTTTTTTTTTTTTTT This study 
ACG-polyT poly(A) tail sequence Reverse ACGTTTTTTTTTTTTTTTTTTTTTTTTT This study 
polyT-G poly(A) tail sequence of MspI-T-RF Reverse 
TTTTTTTTTTTTTTTTTTTTTTTTT
TTG This study 
polyT-CGC poly(A) tail sequence of HhaI-T-RF Reverse 
TTTTTTTTTTTTTTTTTTTTTTTTT
CGC This study 
ACG-polyT-G poly(A) tail sequence of MspI-T-RF Reverse 
ACGTTTTTTTTTTTTTTTTTTTTTT
TTG This study 
ACG-polyT-
Vb poly(A) tail sequence Reverse 
ACGTTTTTTTTTTTTTTTTTTTTTT










a,c Both the Cy5-8F and Cy5-8FGC are labelled with fluorescence fluorophore Cy5 at the 5’ end. 
b V can be A, C, or G.  
 
3.4.2  PCR amplification with fluorescent end-labelled primer Cy5-8FGC and 
518R 
Previous studies have demonstrated that GC-clamped 8F (Reysenbach et al., 
1994) and 518R (Ovreas et al., 1997) primers can be utilized to profile complex 
microbial communities (Juck et al., 2003; Nakasaki et al., 2009).  However, previous 
reported GC-clamp sequences contain recognition sites of widely used restriction 
endonucleases (e.g., MspI and HhaI).  During the development of T-RFs-2D, a new 
GC-clamp sequence (Table 3.1) was designed to attach to the 5’ end of 8F primer to 
prevent its digestion by tetrameric (4-base cutter) (except AciI and BstUI) and 
pentameric (5-base cutter) (except FauI and Fnu4HI) restriction endonucleases.  The 
fluorophore Cy5 labelled at 5’ end of the GC-clamp sequence can be quenched by 
guanines (G), thus, the first nucleotide of the GC-clamp sequence was designed to be 
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cytosine (C).  Therefore, the fluorescence-labelled and GC-clamped 8F primer 
(denoted as Cy5-8FGC) together with 518R primer was used for PCR amplification of 
bacteria genomic DNA.  
 
3.4.3  Movement of T-RFs on the denaturing gradient polyacrylamide gel 
Unlike 16S rRNA gene fragments for normal DGGE analysis with the same size 
and identical terminal sequences resulting from using universal bacterial primer sets, 
T-RFs for T-RFs-2D analysis have different sizes and distinct 3’ end sequences 
resulting from restriction digestion, both of which will affect their mobility on 
denaturing gradient polyacrylamide gels.  To study the mobility of T-RFs on the gels, 
PCR amplified 16S rRNA gene sequences of a coculture consisting of Dehalobacter 
sp. strain TCP2 (HQ241935) and a Lysobacter species (HQ241936) were digested 
with either HaeIII, HhaI, MspI, or RsaI to produce T-RFs with various sizes and GC 
contents.  The digestion products were subjected to one-dimensional gel 
electrophoresis on a denaturing gradient polyacrylamide gel with a denaturant 
gradient from 30 to 60%.  As shown in Figure 3.2, T-RF size, GC content, and 
percentage of high melting domain (the ratio of sequence size with melting 
temperature higher than 71°C to total T-RF size, calculated based on meltmaps 
predicted by MELT94 in Figure 3.3) affected the mobility of T-RFs on denaturing 
gradient polyacrylamide gels.  Longer T-RFs with a low GC content or low 
percentage of high melting domain tended to stop at positions with low denaturant 
concentration.  However, the exact contribution of these 3 factors to the mobility of T-
RFs on denaturant gels cannot be determined.  Exceptionally, a HhaI digested T-RF 
(HhaI-T-RF) of Lysobacter sp. with a longer T-RF size (373 bp) and a lower 
percentage of high melting domain (33.50%) stopped at a position of higher 
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denaturant concentration (Figure 3.2).  It was unlikely caused by the slightly higher 
GC content of this T-RF (57%) than that of others on the gel (54 or 56%), however, 
the continuous G/C nucleotides (---GGGCG-3’) at 3’ end of the HhaI-T-RF could 
increase the domain melting temperature at 3’ end and accordingly accelerate its 
movement on denaturing gradient polyacrylamide gels. 
 
 
Figure 3.2. DGGE analysis of T-RFs obtained from restriction digestion of a 
coculture’s 16S rRNA gene sequences with various restriction endonucleases (HhaI, 
HaeIII, RsaI and MspI).  The information marked on left side includes bacteria genus 
name, restriction endonuclease name, T-RF size, and its GC content without 






Figure 3.3. Meltmaps of T-RFs. The information marked includes bacteria genus 
name, restriction endonuclease name, T-RF size and its GC content without 
considering GC-clamp sequence, percentage of high melting domain, and 15 bp 3’ 
end sequences of T-RFs.  
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To further investigate how continuous G/C nucleotides at 3’ end of T-RFs affect 
their movement on the denaturing gradient polyacrylamide gel, PCR products (partial 
16S rRNA gene sequence of Dehalococcoides sp. strain MB) amplified with primers 
Cy5-8FGC and modified 518R  (518R-G and 518R-CGC, Figure 3.4A) were applied 
to the gel (Figure 3.4B).  Figure 3.4B shows that one G/C nucleotide modification at 3’ 
end of T-RFs did not significantly change the mobility of fragments (primer set Cy5-
8FGC & 518R-G versus Cy5-8FGC & 518R).  However, the mobility of fragments 
amplified with primers Cy5-8FGC and 518R-CGC was obviously different from that 
of fragments amplified with non-end-modified primers Cy5-8FGC and 518R (Figure 
3.4B).  The meltmaps of these fragments (predicted by MELT94) indicate that three 
continuous G/C nucleotides slightly increased domain melting temperature at 3’ end 
of T-RFs (Figure 3.5), confirming the results in Figure 3.4B.  
 
 
Figure 3.4. DGGE analysis of fragments modified with different size of continuous 
G/C nucleotides at their 3’ ends.  (A) Sequences of modified 518R reverse primers. (B) 













Figure 3.5. Effect of continuous G/C nucleotides at the end of T-RFs on their melting 
temperatures. (A) The meltmap of T-RFs amplified with the primer set, 8FGC & 
518R. (B) Zoom-in the temperature range to 73-74Ԩ of meltmap in (A). (C) The 
meltmap of T-RFs amplified with the primer set, 8FGC & 518RG. (D) Zoom-in the 
temperature range to 73-74Ԩ of meltmap in (C). (E) The meltmap of T-RFs amplified 
with the primer set, 8FGC & 518RCGC. (F) Zoom-in the temperature range to 73-74Ԩ 
of meltmap in (E).  
 
Notably, a HhaI-T-RF of Dehalobacter sp. strain TCP2 (118 bp, 57% GC content, 
74.32% high melting domain) was completely run off the denaturing gradient 
polyacrylamide gel with a denaturant of 30 to 60%.  When the denaturant gradient 
was adjusted to 30-75%, this T-RF could be retained on the gel (data not shown).  
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Thus, the denaturant gradient was set to 30-75% in the following T-RFs-2D 
experiments. 
 
3.4.4  PCR re-amplification of poly(A) tailed T-RFs 
To amplify sequences (T-RFs) retrieved from bands of interest on 2D gels for 
subsequent sequencing, poly(A) tails were added to 3’ end of T-RFs as reverse primer 
targeting sites.  By controlling the starting template concentration at 0.5 ng/µl, poly(A) 
tails can be successfully added to 3’ end of T-RFs, which was confirmed by following 




Figure 3.6. PCR re-amplification of poly(A) tailed fragments with following primer 
sets: 1, 8F and polyT; 2, 8F and ACG-polyT; 3, 8F and polyT-G; 4, 8F and polyT-
CGC; 5, 8F and ACG-polyT-G; 6, 8F and ACG-polyT-V. 
 
As shown in Figure 3.6, poly(A) tailed T-RFs can not be effectively amplified 
with the primer set (8F and polyT), which is probably due to the fact that the polyT 
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reverse primer only contain a string of T and will anneal at multiple sites at the 
poly(A) tail.  Based on sequence information of nucleotides from restriction digestion 
(e.g., MspI digestion left C at 3’ end of T-RFs), polyT-G and polyT-CGC reverse 
primers (Table 3.1) were specifically designed for the amplification of poly(A) tailed 
MspI digested T-RF (MspI-T-RF) and HhaI-T-RF, respectively.  The C (left at 3’ end 
of MspI-T-RFs) and GCG (left at 3’ end of HhaI-T-RFs) were utilized as anchored 
positions for polyT-G and polyT-CGC, respectively, in order to improve their 
efficiency in annealing to the targeted poly(A) tails. 
The results (Figure 3.6) show that poly(A) tailed HhaI-T-RFs can be successfully 
amplified with primers 8F and polyT-CGC, however, poly(A) tailed MspI-T-RF can 
not be successfully obtained with primers 8F and polyT-G.  Thus, sequence (ACG) 
was added to the 5’ end of polyT-G primer sequence as another anchored position 
(that is, ACG-polyT-G) to improve annealing efficiency in PCR amplification.  The 
results shown in Figure 3.6 demonstrate that poly(A) tailed MspI-T-RFs can be 
successfully amplified with the primers, 8F and ACG-polyT-G.  Notably, poly(A) 
tailed T-RFs can not be effectively amplified with primers, 8F and ACG-polyT, which 
shares the same defects as primers 8F and polyT.  Based on these results, a universal 
reverse primer, denoted as ACG-polyT-V (V is a mixed base, can be A, or C, or G) 
(Table 3.1), was designed for effective amplification of all poly(A) tailed T-RFs from 
restriction digestions of distinct restriction endonucleases.  Figure 3.6 shows that 
poly(A) tailed MspI-T-RFs can be effectively amplified with the universal primer set, 
8F and ACG-polyT-V.  The poly(A) tailed T-RFs from digestions by other restriction 
endonucleases, which left G (e.g., HhaI) or T (e.g., RsaI) at restriction sites, can also 
be successfully amplified with this primer set.  Touchdown PCR was required for 
successful amplification of these poly(A) tailed T-RFs. 
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3.4.5  T-RFs-2D application 
To demonstrate the applicability of T-RFs-2D, it was applied to obtain specific T-
RF sequence information in a PCB dechlorinating enrichment culture and to 
characterize a complex microbial community in a river-sediment sample.  For the 
PCB dechlorinating culture, previous T-RFLP results showed that two bacteria with 
MspI-T-RF sizes of 436 (±1) bp and 514 (±1) bp were present in most PCB 
dechlorinating cultures from different geographic sites.  Therefore, an enriched PCB 
dechlorinating culture was chosen from the above cultures to phylogenetically 
characterize the two bacteria by employing the newly developed T-RFs-2D.  The 
genomic DNA of the PCB dechlorinating culture was firstly amplified with the primer 
set, Cy5-8FGC and 518R, and then subjected to restriction digestion with MspI.  The 
fragmented DNA profiled on the 2D gel was visualized with a laser-based imager 
(Figure 3.7A).  Eight spots were located at different size ranges on the 2D gel (Figure 
3.7A), which appeared as spot 1 (200-300 bp), spot 2 (300-400 bp), spot 3 (400-500 
bp) and spot 4-8 (500-600 bp).  Serial procedures of spot excising, DNA extraction, 
poly(A) tailing, PCR re-amplification and subsequent sequencing were conducted 
with all 8 spots present on the 2D gel.  Sequencing result indicates that bacteria with 
MspI-T-RF size of 436 (±1) bp and 514 (±1) bp were a Lysobacter sp. and a 
Dehalococcoides sp., respectively.  Other bacteria present in this culture were mainly 
from the class of Gammaproteobacteria (i.e., Stenotrophomonas sp.) and Clostridia 





Figure 3.7. (A) T-RFs-2D profile of the microbial community structure in a PCB 
dechlorinating culture with MspI-T-RFs. (B) Phylogenetic analyses were conducted 
using MEGA4 (Tamura et al., 2007) with sequence information retrieved from bands 




To compare the genotyping capability of T-RFs-2D, T-RFLP, and DGGE, a 
complex microbial community in a river-sediment sample was applied.  PCR products 
amplified with Cy5-8FGC/518R and Cy5-8F/518R primer sets were firstly digested 
with RsaI, and then subjected to T-RFs-2D and T-RFLP analysis, respectively.  
DGGE experiment was performed directly with the PCR product amplified with Cy5-
8FGC/518R.  First of all, T-RFs-2D results (Figure 3.8A) demonstrated that 63 DNA 
fragments were distributed well on the 2D gel with sizes ranging from 100 to 600 bp.  
Serial procedures of spot excising, DNA extraction, poly(A) tailing, PCR re-
amplification and subsequent sequencing were conducted on representative spots (S1-
S9 in Figure 3.8A) shown on the 2D gel.  Sequencing results demonstrated that major 
populations in the sample were affiliated to phyla Proteobacteria (e.g., S5 - 
Desulfuromonadales, S7 - Anaerovibrio species, and S8 - Pelospora species) and 
Firmicutes (e.g., S6 - Pelobacter species, and S9 - Acidaminobacter species), or were 
unclassified bacteria (i.e., S1, S2, S3 and S4).  Secondly, for DGGE, only 41 DNA 
fragments appeared on the one dimensional DGGE gel (Figure 3.8B), of which 5 
bands (B1-B5 in Figure 3.8B) were selected and excised for DNA extraction and 
restriction digestion with RsaI to investigate possible DNA co-migration on this gel.  
After RsaI-digestion and separation based on T-RF size, results showed single T-RFs 
in DNA samples from B1, B2 and B5 but two and three T-RFs in DNA samples from 
B3 and B4, respectively, indicating the co-migration of multiple DNA fragments in 
B3 and B4.  T-RFs from B3 and B4 were then poly(A) tailed, PCR amplified, and 
sequenced subsequently.  Correspondingly, DNA fragments co-migrated in B3 
matched the unclassified bacteria identified at spot S2 and Acidaminobacter at spot S9, 
and DNA fragments in B4 matched Desulfuromonadales at spot S5, Pelobacter at 
spot S6,and Pelospora at spot S8.  Therefore, the T-RFs-2D showed higher resolution 
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capability on further discriminating co-migrated DNA fragments on normal DGGE 
gels by using two distinct separation criteria - fragment size and sequence 
composition.  Lastly, T-RFs-2D exhibited much more DNA fragments on the 2D gel 
than those of on the T-RFLP profile, i.e., 31 versus 19 DNA fragments in the same T-
RF size range (250-350bp) (Figure 3.8A), indicating that T-RFs with identical sizes 








Figure 3.8. Microbial community profiles of a river-sediment sample fingerprinted by 
using: (A) T-RFs-2D (bottom), in which 63 DNA fragments were observed. T-RFLP 
(top) demonstrated the first dimension separation. (B) DGGE, in which 41 DNA 
fragments were observed. Right hand side shows bands drawn in a schematic diagram. 
Major spots (S1-S9) and bands (B1-B5) were subjected to retrieve DNA for 
sequencing.   
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3.5  Discussion and conclusion 
Thus far, characterizing microbial community has been greatly facilitated by 
advances in DNA-based assay platforms.  Microbial community structures and their 
dynamics can be captured by using either low/medium throughput classical 
fingerprinting methods (e.g., DGGE, T-RFLP) or high throughput microarray and 
next-generation sequencing technologies (Wagner et al., 2007).  However, the 
applications of high throughput platforms are still limited due to some factors such as 
high service costs and relatively short read-lengths (e.g., average 330 bp for 454 GS-
FLX system, 75/100 bp for Illumina Solexa system, and 50 bp for SOLiD system) 
(Metzker, 2010).  Therefore, the classical fingerprinting methods are well suited for 
fast and cost-effective microbial community screening, and for identifying the 
dominant populations in interested samples (Wagner et al., 2007; Nocker et al., 2007).  
Though many efforts have been made to improve the resolution of classical 
fingerprinting methods, effective separation of DNA fragments still remains a 
challenge.  This is due to that single criterion (i.e. fragment length or sequence 
composition) leads to poor resolution (Vijg and van Orsouw, 1999).  To try to solve 
the separation resolution issues, previous studies have also been conducted to separate 
DNA fragments according to two criteria on 2D gels (Jones and Thies, 2007; Liu et 
al., 2008).  However, both studies encountered troubles on size differences which are 
either too big (1500 bp) or too small (50bp) for good separation on the first dimension 
of 2D gels.  To better utilize 2D gels to separate DNA fragments without appropriate 
size difference, Schmalenberger et al. (2008) developed two-dimensional single 
strand conformation polymorphism (SSCP) of the 16S rRNA gene fragments.  
Though the two dimensional SSCP showed better resolution, it still has limitations, 
such as formation of multiple bands from a single sequence and low signal intensity 
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resulting from high rate of DNA re-annealing during electrophoresis (Nocker et al., 
2007).  
In this chapter, the T-RFs-2D was developed to be capable of profiling microbial 
communities by separating fluorescence-labelled T-RFs based on their size and 
sequence composition, which has improved genotyping capability compared to 
DGGE or T-RFLP.  As for the 16S rRNA genes with high sequence similarity, T-RFs 
with ~550bp can be well separated on 2D gels and sequenced for subsequent 
phylogenetic analysis, therefore, the T-RFs-2D approach is able to display the whole 
profile of a complex microbial community by visualizing T-RFs (ranging from 100 to 
550 bps) on the 2D gel.  Correspondingly, T-RFs-2D improves the reproducibility of 
DGGE (Nocker et al., 2007) by separating the T-RFs on the first dimensional gel 
according to size.  Most importantly, unlike the incapability of capturing sequence 
information for T-RFLP (Nocker et al., 2007), T-RFs-2D provides flexibility to 
retrieve T-RFs with specific sizes (e.g., spot 3 in Figure 3.8A) on the second 
dimensional gel for subsequent sequencing.  Actually, T-RFs-2D could pull out 
relatively longer sequences by choosing appropriate restriction endonucleases than 
next-generation sequencing platforms with short read-length (e.g., 50 - 330 bp).  Also, 
T-RFs-2D techniques show potential to characterize functional genes with long 
sequences (i.e., ~1000 bp), since (1) functional genes usually share low similarities 
with each other (e.g., <90% sequence similarity among distinct functional reductive 
dehalogenases of Dehalococcoides species, Hölscher et al, 2004) that ensure 
reasonable separation; (2) previous studies (Sheffield et al., 1989; Vijg and van 
Orsouw, 1999) demonstrated the possibility of resolving long sequences on 2D gels.  
Thus, T-RFs-2D has a flexibility of separating and identifying variable length of 
sequences (e.g., 100 - 1000 bp).   
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During the T-RFs-2D development, introduction of fluorescence Cy5 to forward 
primer 8FGC offers an advantage of size-independence on the reported fluorescence 
intensity.  Fluorescent intensity rises proportionately only to the abundance of a 
specific population in the studied microbial communities, while the signal intensity 
from gel staining depends on both mole amount of DNA fragments and their size.  By 
utilizing laser-based imagers to scan multiple fluorophores simultaneously (Vijg and 
van Orsouw, 1999), T-RFs-2D may be extended to studying different microbial 
communities in a single run through multiplex PCR with multi-fluorophore (e.g., Cy3, 
Cy5 and FAM6) labelled primers.  Most importantly, the non-T-RF DNA in digestion 
products can easily run off 2D gels because of their absence of the GC-clamp 
sequence at the ends (Vijg and van Orsouw, 1999), and can not be amplified with 8F 
and ACG-polyT-V primer set.  While for the T-RFs stopped on 2D gels, they can be 
stained with fluorophors (e.g., SYBR® Gold and SYBR Green I) in order to be viewed 
with non-laser-based imagers.  The limitation of using normal imagers to view T-RFs 
on staining gels is that the fluorescence intensity (relying on both T-RF size and its 
mole amount) can not accurately reflect each population’s abundance.  Despite of that, 
T-RFs-2D may offer a possibility of profiling microbial community on 2D gels 
through normal imagers (e.g., Molecular Imager Gel Doc XR System) or more 
sensitive Dark Reader technology (Seville, 2001) via staining gels with SYBR® Gold, 
while remaining the same operation procedures for the rest steps. 
The discrimination of bacterial populations by T-RFLP relies on selecting 
appropriate restriction endonucleases (Liu et al., 1997), which is also important for T-
RFs-2D.  An appropriate restriction endonuclease for T-RFs-2D analysis should fulfill 
the following two requirements.  Firstly, T-RFs with size less than 100 bp can readily 
run off DGGE gels during the second dimension separation and thus the T-RFs for T-
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RFs-2D analysis should be distributed in the size range of 100-550 bp.  This can be 
evaluated in silico by using the T-RFLP analysis program (TAP) TRFLP (Marsh et al., 
2000).  Secondly, the results shown in Figure 3.2 and Figure 3.3 indicate that 
restriction endonucleases with continuous G/C sequences at their recognition sites 
(e.g., HhaI) can readily cut sequences at high GC content domain and produce T-RFs 
with high melting temperature, thus restriction endonucleases with A/T nucleotides in 
the recognition site (e.g., RsaI) or short G/C sequence left by restriction digestion at 
the recognition site (e.g., MspI) are preferred in T-RFs-2D analysis. 
The primers (8F & ACG-polyT-V) designed for T-RFs-2D method show 
advantage of PCR re-amplifying poly(A) tailed T-RFs from restriction digestion with 
any restriction endonuclease.  In comparison, previous study (Widmer et al., 2006) 
has tried to utilize adapter ligation and subsequent adapter site specific PCR re-
amplification and clone library construction to obtain sequence information when 
performing T-RFLP analysis.  However, the reverse primer used for adapter site 
specific PCR re-amplification is enzyme-specific and the reverse adapter primer needs 
to be redesigned when changing the restriction endonucleases.  For T-RFs-2D, the 
universal reverse primer (ACG-polyT-V) utilizes two anchored positions to improve 
PCR amplification efficiency, and similar strategy was applied in studying differential 
display of mRNA expression (Liang et al., 2007).  Additionally, both poly(A) tailing 
reaction and PCR re-amplification are restriction endonuclease independent, which 
greatly facilitate the selection of appropriate restriction endonuclease for T-RFs-2D 
analysis.  With the convenience of the developed T-RFs-2D method, bacteria of 
interest can be quickly screened and identified with an accurate taxonomy assignment, 
e.g., phylogenetically assigning the Lysobacter sp. and Dehalococcoides sp. in PCB 
dechlorinating cultures in this chapter. 
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Overall, T-RFs-2D possesses high resolution capability and reproducibility to 
determine microbial community profile or to pull out phylogenetic information for 
certain microbial species.  With the high genotyping capability of 2D separation, T-
RFs-2D can also be extended to study highly diverse microbial communities in 
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4.1  Abstract 
Chlorophenols are widespread environmental contaminants, which are highly 
toxic to ecosystems due to their biocidal effect.  In this chapter, a new Dehalobacter 
species strain TCP2 is obtained, which exhibits dechlorination of 2,4,6-
trichlorophenol (2,4,6-TCP) to 4-chlorophenol with H2 as the sole electron donor and 
acetate as the carbon source.  Strain TCP2 also distinguishes itself by the ability of 
dechlorinating PCE/TCE to both cis- and trans- DCE in a ratio of 5.6 (±0.2):1.  To 
obtain its full-length 16S rRNA gene sequence without tedious clone library 
construction, a new approach - two-step denaturing gradient gel electrophoresis (2S-
DGGE) - is developed.  2S-DGGE can screen sequence differences across over 5 
highly variable regions (V1-V5) of bacterial 16S rRNA genes, which can also be used 
to obtain near full-length 16S rRNA gene sequences of minor populations (< 1% of 
total microorganisms) in initial enrichment process.  The 2S-DGGE analysis 
demonstrated an unusual long 16S rRNA gene sequence of strain TCP2 due to a ~110 
bp insertion sequence.  In all, the newly identified strain TCP2 could serve as a 
promising candidate in bioremediation of 2,4,6-TCP contaminated sites, and could 
expand our understanding of metabolic capabilities of Dehalobacter species. 
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4.2  Introduction 
Chlorophenols are widely used as biocides because of their broad spectrum of 
anti-microbial properties.  Among them, 2,4,6-trichlorophenol (2,4,6-TCP) is 
commonly used as fungicide, herbicide, and insecticide (ATSDR, 1999), leading to its 
prevalence in ground- or surface-water which endangers the public health due to its 
toxicity and carcinogenicity (US EPA, 1984).  Currently, removal of 2,4,6-TCP has 
been reported by either aerobic biodegradation (Häggblom, 1990) or anaerobic 
microbial dechlorination processes (Adrian et al., 2007;  Bouchard et al., 1996; 
Madsen and Licht, 1992), while the latter is reported to be conducted only by 
microbes in the genus of Desulfitobacterium or Dehalococcoides.  Several microbes 
(e.g., PCP-l, and DCB-2) of the genus Desulfitobacterium are capable of reductively 
dechlorinating 2,4,6-TCP to 4-monochlorophenol (4-MCP) (Bouchard et al., 1996; 
Maymó-Gatell et al., 1999; Villemur et al., 2006).  In comparison, only one 
Dehalococcoides species strain CBDB1 (Adrian et al., 2007) has been reported to be 
able to dechlorinate 2,4,6-TCP to 2,4-dichlorophenol (2,4-DCP), while further 
dechlorination of 2,4-DCP to 4-MCP was found to be slow and incomplete.  
Therefore, information on microbial reductive dechlorination of 2,4,6-TCP is still 
limited.  
The 16S rRNA gene-based molecular techniques play a key role in characterizing 
dechlorinating cultures, which could be conducted by clone library or PCR-denaturing 
gradient gel electrophoresis (DGGE) (Grostern and Edwards, 2006; van Doesburg et 
al., 2005; Yoshida et al., 2009).  Clone library construction can help to obtain full-
length 16S rRNA gene sequences of major populations by using universal primers 
(e.g. 8F and 1541R), but it may miss the minor populations (<1% in total abundance) 
due to limited clones picked (Nocker et al., 2007).  To get sequence information on 
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minor populations, multiple clone libraries need to be constructed with PCR products 
amplified by using bacteria genus-specific primers, which usually yield partial 16S 
rRNA gene sequences (the sizes depending on bp-length between primers).  
Compared with clone library construction, DGGE allows to load multiple samples in 
a single run and to observe their microbial community profiles directly on gels 
(Nocker et al., 2007).  However, the commonly used DGGE method is limited by a 
maximum of ~500 nucleotides for good separation on DGGE gels (Nocker et al., 
2007), therefore, only partial 16S rRNA gene sequences can be obtained from 
sequencing excised bands.  Burr MD et al. (Burr et al., 2006) reported a strategy to 
overcome this limitation by cloning nearly full-length 16S rRNA PCR products, 
followed by PCR/DGGE to screen the clone library, and then sequencing the DNA of 
clones rather than DNA from excised gel bands.  Nevertheless, clone library 
construction is time- and labor-intensive.  Moreover, this strategy has low genotyping 
capability due to the limitation step of PCR/DGGE which screens sequence 
differences only within one (the V3) out of nine highly variable regions of cloned full 
length 16S rRNA gene sequences (Burr et al., 2006).  
In this chapter, we describe a new Dehalobacter isolate that dechlorinates 2,4,6-
TCP to 4-MCP and PCE/TCE to cis-/trans-DCEs.  Also, a new 2S-DGGE approach is 
developed to characterize the dechlorinating culture, to pull out nearly full-length 16S 
rRNA gene sequence of dechlorinators, and to genotype minor populations with less 




4.3  Materials and methods 
4.3.1  Chemicals 
Chlorophenols were purchased from Emanuel Merck (Germany). Unless stated 
otherwise, other chemicals were purchased from Sigma-Aldrich at the highest purity 
available.  H2 was obtained from a hydrogen generator (NM-H250, Schmidlin-DBS 
AG, Neuheim, Switzerland).  The DNA extraction kits were obtained from Qiagen 
(QIAGEN, GmbH, Germany), and the GoldTaq DNA polymerase and related PCR 
reagents were purchased from Applied Biosystems (Foster City, CA, USA).  
 
4.3.2  Culture and growth conditions 
A mixed culture that dechlorinated 2,4,6-TCP and TCE was enriched from a 
2,4,6-TCP dechlorinating microcosm established with digester sludge from an 
industrial wastewater treatment plant at Jurong Island, Singapore.  Further enrichment 
was conducted by serial dilutions and agar shakes in 20 ml vials filled with 10 ml of 
mineral salts medium spiked with TCP (0.1mM) or TCE (0.8 mM), acetate (10 mM) 
and hydrogen (5×104 Pa or 0.40 mM).  During the isolation process, an active culture 
inoculated from a single colony was subjected to subsequent dilution-to-extinction 
series.  After obtaining a pure culture, dechlorination time-course studies were 
conducted in triplicate 160-ml serum bottles containing 100 ml of mineral salts 
medium amended with 2,4,6-TCP (~0.1 mM) or TCE (~0.8 mM), acetate (10 
mM)/hydrogen (5×104 Pa or 0.40 mM), a vitamin solution (Wolin et al., 1963) 
containing 0.05mg l-1 of vitamin B12 (He et al., 2007), and 5% inocula.  The 
following compounds were tested as electron acceptors on this isolate: chlorinated 
ethenes (DCE isomers and VC) (0.2 mM); chloroethanes (1,1-dichloroethane and 1,2-
dichloroethane) (0.2 mM), chloroform (0.1 mM), pentachlorophenol (0.05 mM), 
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Aroclor1260 (0.05 mM), PBDEs (an octa-BDE mixture, and a penta-BDE mixture) 
(0.5 µM), sulfate (5 to 10 mM), sulfite (0.5 to 5 mM), nitrate (5 to 10 mM), and nitrite 
(1 to 10 mM).  If the compound is in powder form, it was dissolved in the inert 
solvent isooctane/nonane before being injected into medium bottles.  In addition, the 
isolate’s fermentation capability was tested with the following compounds: fumarate 
(10 mM), malate (10 mM), lactate (10 mM), pyruvate (10 mM), glucose (10 mM), 
and glutamate (10 mM).  All bottles were incubated quiescently in the dark at 30°C. 
Dehalococcoides sp. strain MB (EU073964) that dechlorinated PCE to dominant 
trans-DCE was utilized to prepare an artificial DNA sample in this chapter and was 
maintained as described previously (Cheng and He, 2009).  A coculture containing a 
Dehalococcoides sp. and a Dehalobacter sp. was also selected to prepare the artificial 
DNA sample, which could dechlorinate PCE to ethane. 
 
4.3.3  Analytical methods 
Headspace samples of chloroethenes, chloroethanes, chloroform and ethene were 
injected manually with a glass gas-tight luer lock syringe (Hamilton Co., Reno, NV, 
USA) into a gas chromatograph (GC) 6890N equipped with a flame ionization 
detector (Agilent, Wilmington, DE, USA) and a GS-GasPro column (30 m x 0.32 mm 
x 0.25 μm film thickness; J&W Scientific, USA).  PCBs (i.e., Aroclor 1260) were 
extracted with isooctane and tested on the same GC but coupled with an electron 
capture detector (ECD) and an HP-5 column (30 m x 0.32 mm x 0.25 μm film 
thickness; J&W Scientific, USA) as described previously (Cheng and He, 2009).  
PBDEs were tested on a gas chromatograph/mass spectrometer (GC-MS) (Agilent, 
Wilmington, DE, USA) (Lee and He, 2010).  Chlorophenols were extracted with 
isooctane, which were analyzed on another GC-MS (QP 2010, Shimadzu Corporation, 
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Japan) equipped with an HP-5 capillary column (30 m x 0.32 mm x 0.25 μm film 
thickness, J&W Scientific, USA).  The oven temperature of the GC-MS was initially 
set at 40°C, increased at 15°C min-1 to 200°C, and held for 3 min.  Helium was used 
as the carrier gas, with a column flow of 1.92 ml min-1. 
 
Table 4.1. Primers used in this chapter 
Primer Target Orientation Sequence (5’ to 3’) Reference or source 
8F Bacteria 16S rRNA genes Forward AGAGTTTGATCCTGGCTCAG Reysenbach et al, 1994 
519F Bacteria 16S rRNA genes Forward CAGCMGCCGCGGTAATWC Baker et al., 2003 
518R Bacteria 16S rRNA genes Reverse ATTACCGCGGCTGGCTGG Ovreas et al., 1997 
926R Bacteria 16S rRNA genes Reverse CCGICIATTIITTTIAGTTT Baker et al., 2003 
1392R Bacteria 16S rRNA genes Reverse ACGGGCGGTGTGTAC Lane, 1991 
DHC710R Dehalococcoides 16S rRNA genes Reverse CAGTGTCAGTGACAACCTAG This study 
DEB630R Dehalobacter 16S rRNA genes Reverse CGCACTTTCACATCAGACTT This study 
Deb-V2-F Dehalobacter 16S rRNA gene Forward GACTAGGAGGCATCTCCT This study 
DebTCP2-V3-F Dehalobacter 16S rRNA gene Forward AGGTACCGTCAATCTCAAG This study 
Dhc-V2-F Dehalococcoides 16S rRNA gene Forward TTCACTAAAGCCGTAAGGC This study 
DhcMB-V2-F Dehalococcoides 16S rRNA gene Forward TTCATTAAAGCCGCAAGGT This study 
Dhc-Cornell Dehalococcoides 16S rRNA gene Forward GTTCATTAAAGCCGCAAGGT This study 
Dhc-Victoria Dehalococcoides 16S rRNA gene Forward TAAAGCCGTAAGGTGCTTGA This study 
Dhc-Pinellas Dehalococcoides 16S rRNA gene Forward GTTCACTAAAGCCGTAAGGC This study 
Deb433F Dehalobacter 16S rRNA gene Forward 
ATACTGTTGTTAGGGAAGAA
CGGC This study 
Dre645R Dehalobacter 16S rRNA gene Reverse 
CCTCTCCTGTCCTCAAGCCA
TA 37 






a The GC-clamp was attached to the 5´-end of the 8F and 519F to get primers 8FGC and 519FGC, respectively. 
 
4.3.4  DNA extraction, PCR, clone library, and sequencing 
Total genomic DNA was extracted from 1 ml of cell pellets collected from 2,4,6-
TCP or TCE-dechlorinating cultures and the controls according to a method described 
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previously (Löffler et al., 1997).  The concentration of the nucleic acid was 
determined by a Nanodrop-1000 (NanoDrop Technologies, Wilmington, DE, USA).  
PCR (Eppendorf, Hamburg, Germany) amplifications of nearly complete 16S rRNA 
gene sequences were conducted under conditions described previously (Löffler et al., 
1997).  Clone libraries of 16S rRNA genes of dehalogenating cultures were 
established by using TOPO-TA cloning kit (Invitrogen, Carlsbad, CA, USA), and all 
further clone-based experiments were carried out as described previously (He et al., 
2003).  Purified plasmids or PCR products were sequenced and aligned by using 
MEGA4 (He et al., 2003; Tamura et al., 2007). 
 
4.3.5  DGGE 
PCR products amplified with the primer sets 8FGC and 518R or 519FGC and 
926R were separated on an 8% polyacrylamide gel with a gradient range of 30-60% 
(100% denaturant consisted of 7 M urea and 40% deionized formamide) in 0.5 × TAE 
buffer.  Gradient gels were cast with Bio-Rad’s Model 475 gradient delivery system 
(Bio-Rad, Hercules, CA, USA).  The electrophoresis was performed for 15 h at a 
constant electric current of 30 mA and a temperature of 60°C with the D-Code 
Mutation Detection System (Bio-Rad, Hercules, CA, USA).  Gel images of SYBR® 
Gold (Invitrogen, Carlsbad, CA, USA) stained DNA were taken by using a Molecular 
Imager Gel Doc XR System (Bio-Rad, Hercules, CA, USA).  Bands of interest were 
excised and DNA fragments were extracted by using the QIAEX II Gel Extraction Kit 
(QIAGEN, GmbH, Germany).  The captured DNAs were then PCR re-amplified by 
using the primer set 8FGC and 518R or 519FGC and 926R, and re-analyzed by 
DGGE to confirm that single bands were obtained before sending the PCR re-




4.3.6  2S-DGGE procedures 
The schematic diagram of 2S-DGGE was shown in Figure 4.1, which included 
six Steps: (1) partially PCR-amplified (using primers 8FGC and 518R) 16S rRNA 
gene sequences were prepared; (2) DGGE was carried out to separate partial 16S 
rRNA gene fragments from Step 1, and bands of interest were excised from DGGE 
gels to elute the DNAs, followed by PCR re-amplification, purification, and then 
sequencing; (3) sequences from Step 2 were aligned with BioEdit assembly software 
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html), and were analyzed with BLASTN 
(http://www.ncbi.nlm.nih.gov/) to design a strain-specific forward primer targeting 
sequences in V1 (from base 69-100, E. coli numbering), V2 (from base 137-226, E. 
coli numbering) or V3 (from base 440-496, E. coli numbering) highly variable regions; 
(4) the remaining part of 16S rRNA gene sequences of interested species were PCR 
amplified with primer sets of the newly-designed strain-specific forward primers 
(BandX-F, X=1, 2, 3……) and universal bacterial reverse primer (1392R/1541R); (5) 
diluted PCR products (50 times dilution) from Step 4 were used as templates for PCR 
amplifications with another universal bacterial primer set (519FGC and 926R) for 
following DGGE analysis; (6) once DGGE gels showed single bands (e.g., Band 2 
and Band 3 in Figure 4.1), the corresponding purified PCR products from Step 4 
would be sequenced and then nearly full-length 16S rRNA gene sequences were 
obtained by assembling sequences obtained at Step 2 and Step 6.  However, if DGGE 
gel showed multiple bands (e.g., Band1-1 and Band1-2 in Figure 4.1), bands could 
also be excised and sequenced.  As a result, a ~920 bp sequence (from base 8-926, E. 
coli numbering) could be obtained by assembling both Step 6 and Step 2 sequences.  
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Normally, single fragments could be obtained at Step 4 with well-designed strain-
specific forward primers at Step 3. 
 
Figure 4.1. Schematic diagram illustrating the seven steps of 2S-DGGE  
 
4.3.7  qPCR 
A quantitative real-time PCR (q-PCR) (ABI 7500 Fast real-time PCR system; 
ABI, Foster City, CA, USA) assay was performed in triplicates for cultures grown 
with 2,4,6-TCP or TCE by using SYBR green assays and Dehalobacter 16S rRNA 
gene-specific primers (Table 4.1).  The forward primer, Deb 433F, was modified from 
Dehalobacter genus-specific forward primer Dre441F (Smits et al., 2004) with 
broader matches.  SYBR green dye would bind to all amplified double-stranded DNA 
during qPCR amplification process and the fluorescently tagged DNA in turn would 
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be detected by the qPCR system.  The specificity of such an assay was ensured by the 
use of the stringent HotStar Taq DNA polymerase (QIAGEN, GmbH, Germany) as 
well as the inclusion of a melt curve analysis at the end of the entire amplification 
process.  A calibration curve was obtained by using 10-fold serial dilutions of plasmid 
DNA with cloned Dehalobacter 16S rRNA gene inserts.  The standard curves 
spanned a range of 102 to 108 gene copies per µl of template DNA.  
 
4.3.8  Nucleotide sequence accession numbers 
The nearly full-length 16S rRNA gene sequences of Dehalobacter and 
Dehalococcoides species are deposited in GenBank under accession numbers 
HQ241935 and JF698641-JF698649, respectively.  
 
4.4  Results 
4.4.1  2S-DGGE development 
To understand the phylogeny of microbes in dechlorinating cultures and to obtain 
nearly full-length 16S rRNA gene sequences without referring to the tedious clone 
library construction, a 2S-DGGE approach was developed (Figure 4.1).  Selecting 
appropriate universal bacteria primer sets at Step 1 and Step 5 (Figure 4.1) and 
designing bacterium strain-specific forward primers at Step 3 were crucial when 
developing the 2S-DGGE method.  The primer sets selected should meet the 
following 2 criteria: firstly, to get nearly full-length 16S rRNA gene sequences, the 
forward universal bacteria primer used at Step 1 should be 8F (Reysenbach et al., 
1994) or 11F (Kane et al., 1993), and the reverse universal bacteria primer used at 
Step 4 should be 1392R (Lane, 1991) or 1541R (Paster et al., 2002); secondly, to 
screen sequence differences within continuous highly variable regions by 2S-DGGE, 
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the reverse universal bacteria primer used at Step 1 and forward universal bacteria 
primer used at Step 5 should target the same positions in the 16S rRNA gene 
sequences.  Several different universal bacteria primer sets (i.e., 8FGC-518R, 8F-
518RGC, 519FGC-926R, 519F-926RGC, 519FGC-1115R, and 519F-1115RGC) for 
Step 1 and Step 5 in Figure 4.1 were assessed through computer program MELT94 
(Lerman et al., 1996).  In the assessment, 16S rRNA gene sequences of known 
dehalogenators were used as model sequences to be amplified with those primer sets 
and then the melting behavior of simulative amplified products were predicted with 
MELT94.  Two universal bacteria primer sets (8FGC and 518R, and 519FGC and 
926R) were ultimately chosen to be used in the 2S-DGGE analysis, both of which 
gave good separation of dehalogenators’ 16S rRNA gene fragments based on their 
meltmaps calculated by MELT94 (Figure 4.2A and B).  The predicted result was 
confirmed through conducting 2S-DGGE with 16S rRNA gene sequences from two 
Dehalococcoides species strains MB (EU073964) and BAV1 (CP000688)  (data not 
shown).  Additionally, the two primer sets were also able to effectively fingerprint 
complex microbial communities other than communities in dechlorinating cultures 
(Juck et al., 2003; Nakasaki et al., 2009). 
The bacterium strain-specific forward primers used at Step 4 can be either the 
available genus-specific primers or primers designed at Step 3 based on the sequence 
information from Step 2, depending on the complexity of the microbial community in 
the studied samples.  The available genus-specific forward primers can be utilized as 
forward primers at Step 4 only when single bacterium in this genus present in DGGE 
results at Step 2, and the target positions of genus-specific forward primers should be 
located in V1, V2 or V3 (base 8-529, E. coli numbering) (Figure 4.2C).  If multiple 
species from the same genus present at Step 2, bacterium strain-specific forward 
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primers should be designed at Step 3, and then the remaining 16S rRNA gene 
sequences of those species can be amplified with bacterium strain-specific forward 
primers combined with the reverse universal bacteria primer, 1392R (Lane, 1991) or 
1541R (Paster et al., 2002).  1392R was chosen in this chatper due to its 
comparatively broader matches compared to 1541R (Baker et al., 2003).  The 
sequences (from base 8-529, E. coli numbering) from Step 2 covered 3 highly 
variable regions of 16S rRNA genes (Baker et al., 2003).  The designed strain-specific 
forward primers for PCR amplifications at Step 4 should target positions within any 
of the three highly variable regions, and the particular variable base pairs specific for 
the targeted strain should be located at the 3’ end of the strain-specific forward primer, 





Figure 4.2. Meltmaps of DNA fragments amplified with the two primer sets, (A) 
8FGC-518R; (B) 519FGC-926R. The prediction was conducted by using 16S rRNA 
gene sequence of Dehalococcoides sp. MB as a template. (C) The screended highly 




4.4.2  Phylogenetic characterization of Dehalobacter in the 2,4,6-TCP 
dechlorinating culture by using 2S-DGGE 
An enrichment culture obtained from industrial digester sludge could completely 
dechlorinate 2,4,6-TCP to 4-MCP and TCE to cis- and trans-DCEs within one week 
in defined medium amended with acetate and hydrogen.  To phylogenetically identify 
dechlorinators with nearly full-length 16S rRNA gene sequences and to avoid clone-
library construction, 2S-DGGE was employed to profile the microbial community in 
the 2,4,6-TCP dechlorinating enrichment culture (Figure 4.3).  Through comparing 
DGGE profiles (with PCR products amplified with 8FGC & 518R at Step 1) of 2,4,6-
TCP dechlorinating culture (lane 1 in Figure 4.3A) and its control (lane 2 in Figure 
4.3A) without 2,4,6-TCP amendment, band-1 was shown to represent the bacterium 
responsible for 2,4,6-TCP dechlorination (Step 2).  DNA sequencing results show that 
band-1 represents a Dehalobacter bacterium.  Based on the sequence information, a 
forward primer, denoted as DebTCP-V3-F, was designed to specifically target the V3 
highly variable region of the Dehalobacter 16S rRNA gene sequence (Step 3), of 
which the specificity was verified using RDP's ProbeMatch (Cole et al., 2009).  The 
remaining 16S rRNA gene sequence of the Dehalobacter bacterium could be 
amplified with primers DebTCP-V3-F and 1392R (Step 4), of which diluted DNA 
samples (50 times dilution) were used as templates for PCR amplification with 
primers 519FGC and 926R (Step 5), and then subjected to DGGE separation (Step 6) 
to check whether the remaining 16S rRNA gene sequence was specifically amplified.  
The single band on DGGE gel (lane 3 in Figure 4.3A) confirmed the specific PCR 
amplification of the remaining 16S rRNA gene sequences with primers DebTCP-V3-
F and 1392R, and thus, their sequence information could be obtained through 
sequencing purified PCR products from Step 4.  Finally, near full-length 16S rRNA 
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gene sequence of the Dehalobacter bacterium (HQ241935) was obtained by 
assembling sequences from Step 3 and Step 6.  To check the number of Dehalobacter 
species present in this culture, nested PCR amplifications were conducted firstly with 
primers 8F & DEB630R (Dehalobacter genus-specific reverse primer) and then 
8FGC & 518R (Table 4.1).  Single band shown on the DGGE gel (lane 4 in Figure 
4.3A) and its sequence information suggested that only one Dehalobacter bacterium 
existed in this culture, which was designed as strain TCP2 possessing a capability of 
dechlorinating 2,4,6-TCP to 4-MCP. 
Dehalobacter sp. strain TCP2 shares the highest 16S rRNA gene sequence 
identity (99% over 1529 bp) with the uncultured Dehalobacter bacterium clone SJA-
19 from an anaerobic trichlorobenzene-dechlorinating microbial consortium (von 
Wintzingerode et al., 1999).  As shown in the phylogenetic tree (Figure 4.3B), both 
Dehalobacter sp. strain TCP2 and Dehalobacter bacterium SJA-19 are not closely 
clustered with other Dehalobacter spp. due to their unusually long 16S rRNA gene 
sequences with an insertion of approximately 110 bp in the 5' region, which is absent 
in 16S rRNA gene sequences of other Dehalobacter spp.  However, the insertion 
sequence shares high similarity with that of several Desulfitobacterium species, e.g., 
the inserted partial 16S rRNA gene sequence of Dehalobacter sp. strain TCP2, from 
base 8-206, has 82% similarity to the corresponding positions in 16S rRNA gene 
sequence of Desulfitobacterium chlororespirans clone IAFDc7 (DQ224233).  Other 
than the insertion sequence, the remaining 16S rRNA gene sequence (from base 207-
1538) of Dehalobacter sp. strain TCP2 shares 99% similarity with that of 






















Figure 4.3.  (A) Characterization of enriched 2,4,6-TCP dechlorinating culture by 2S-
DGGE: lane 1, 2,4,6-TCP (Step 2); lane 2, control culture without 2,4,6-TCP 
amendment (Step 2); lane 3, amplification specificity of Dehalobacter species (Step 
6); lane 4, screening diversity of Dehalobacter species.  (B) Phylogenetic tree of 
dechlorinators in the 2,4,6-TCP dechlornating culture (closed circle) and PBDE 
debromination microcosms (open circles). Phylogenetic analyses were conducted in 
MEGA4 (Tamura et al., 2007). 
4.4.3  Application of 2S-DGGE to characterize minor populations 
2S-DGGE can be utilized to phylogenetically characterize minor populations in a 
complex microbial community.  To determine its applicability, an artificial DNA 
sample was prepared, in which 16S rRNA gene sequences of two Dehalococcoides 
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(strain MB and AD14-1) and two Dehalobacter (strainTCP2 and AD14) were mixed 
with 16S rRNA gene sequences from a digester sludge sample.  The amount of those 
four dehalogenators’ DNA was less than 1% of total DNA (molar basis).  A clone 
library was constructed as a control with the PCR products amplified with universal 
bacterial primer set (8F and 1392R) and the artificial DNA as the template.  Before 
conducting 2S-DGGE, the mixed DNA templates were firstly PCR amplified with 8F 
forward primer and genus-specific reverse primers, DHC710R and DEB630R (Table 
4.1), to specifically amplify 16S rRNA gene sequences of Dehalococcoides and 
Dehalobacter, respectively.  The diluted PCR products were further used as templates 
for PCR amplifications with universal bacteria primer set, 8FGC and 518R, at step 1, 
and their products were profiled on DGGE gels (lanes 1 and 2 in Figure 4.4A).  Fig. 
3A demonstrated that the two Dehalobacter (lane 1 in Figure 4.4A) and two 
Dehalococcoides (lane 2 in Figure 4.4A) were specifically amplified.  Through serial 
procedures of band excising, DNA extraction, PCR re-amplification and subsequent 
sequencing, partial 16S rRNA gene sequences (from base 8-529, E. coli numbering) 
of those four dehalogenators were obtained, based on which four strain-specific 
forward primers (Deb-V2-F, DebTCP-V3-F, Dhc-V2-F, and DhcMB-V2-F in Table 
4.1) were designed.  Then, the remaining 16S rRNA gene sequences could be 
obtained through PCR amplifications with those strain-specific forward primers 
together with 1392R reverse primer, of which the specificities were confirmed by 
DGGE profiles (lanes 3, 4, 5, and 6 in Figure 4.4A) on PCR products amplified with 
the primer set, 519FGC and 926R.  The DNA fragments from Dehalococcoides sp. 
MB (lane 3 in Figure 4.4B) and strain AD14-1 (lane 4 in Figure 4.4A) stopped at 
positions with the same denaturant concentration for their identical sequences from 
base 519 to 1392 (E. coli numbering).  Full-length 16S rRNA gene sequences of 
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dehalogenators in this artificial sample were finally obtained through assembling 
sequences from step 2 and step 6, which were consistent with their previous 
sequencing results.  In comparison, among 100 randomly picked clones in the control 
experiment, only one clone possessed the 16S rRNA gene sequence of 
Dehalococcoides sp. AD14-1.  
To further demonstrate the advantage of 2S-DGGE over clone library in 
characterizing specific populations from actual samples, it was applied to 
polybrominated diphenyl ethers (PBDEs) debromination microcosms established with 
soils or sediments from different geographic sites (Lee and He, 2010).  Previous 
studies have identified that Dehalococcoides species existed in most PBDE 
debromination microcosms as minor populations by using genus-specific primers 
(Lee and He, 2010).  However, the 16S rRNA gene sequence information of these 
Dehalococcoides bacteria was limited due to massive work in clone library 
construction.  To obtain their nearly full-length 16S rRNA gene sequences without 
construction of multiple clone libraries, 2S-DGGE was applied to phylogenetically 
characterize Dehalococcoides populations in six randomly-chosen PBDE 
debromination microcosms (i.e., S-T-1, C-T-2, C-T-3, C-T-7, C-T-10, and GY-T-11) 
(Lee and He, 2010).  Figure 4.4B showed that three typical bands stopping at different 
gradient positions appeared on the DGGE gel, which was extracted and sequenced.  
Sequencing results demonstrated that they represented bacteria affiliated to three 
subgroups of Dehalococcoides, i.e., Cornell (195-like, Dehalococcoides sp. strain 
ST1, present only in S-T-1), Victoria (VS-like, Dehalococcoides sp. strain CT3-2, 
CT10-2, and GY11-2 present in C-T-3, C-T-10, and GY-T-11, respectively), and 
Pinellas (CBDB1-like, Dehalococcoides sp. strain CT2, CT3-1, CT7, CT10-1, and 
GYT11-1 present in C-T-2, C-T-3, C-T-7, C-T-10, and GY-T-11, respectively).  The 
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remaining 16S rRNA gene sequences of 195-, VS- and CBDB1-like Dehalococcoides 
were obtained through PCR amplifications with their specific forward primers (Table 
4.1) together with 1392R, and the amplification specificity was confirmed by DGGE 
at Step 6 (data not shown).  The nearly full-length 16S rRNA gene sequences (1353 
bp) were identified in the microcosms, sharing 100%, 99% (1 bp difference over 1353 

















Figure 4.4.  2S-DGGE analysis of minor populations: (A) Charactering two 
Dehalococcoides and two Dehalobacter with less than 1% in abundance of total 
microorganisms in an artificial complex microbial community. Lane 1, Dehalobacter 
bacteria (Step2); lane 2, Dehalococcoides bacteria (Step 2); lanes 3, 4, 5, and 6, 
amplification specificity of Dehalococcoides sp. MB, Dehalococcoides sp. unknown, 
Dehalobacter sp. unknown, and Dehalobacter sp. TCP2, respectively (Step 6). (B) 
Characterizing Dehalococcoides in PBDE debromination microcosms established 
with soils and sediments from different geographic sites. Lane 1, S-T-1; lane 2, C-T-2; 
lane 3, C-T-3; lane 4, C-T-7; lane 5, C-T-10; lane 6, GY-T-11. 
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4.4.4  Isolation of a 2,4,6-TCP-dechlorinating microbe - Dehalobacter sp. strain 
TCP2 
Both the dechlorination activities and insertion sequence in 16S rRNA gene 
sequence of Dehalobacter sp. TCP2 have never been reported for other Dehalobacter 
species.  Thus, the 2,4,6-TCP dechlorinating cutlure was subjected to isolation 
procedures for further characterization of strain TCP2.  Dilution-to-extinctions were 
performed to enrich the strain TCP2 amended with 2,4,6-TCP as the sole electron 
acceptor  while the dechlorination activity was only observed in the vials with 
dilutions less than 10-3.  However, dechlorination activity were repeatedly detected in 
10-7 dilution vials amended with TCE, which thus replaced 2,4,6-TCP in following 
dilution series.  After 21 serial dilutions, a culture dechlorinating TCE to cis-/trans- 
DCEs with a stable ratio of ~5.6:1 was obtained, which also dechlorinated 2,4,6-TCP 
(~0.1 mM) completely to 4-MCP.  To further purify strain TCP2, agar shakes were 
prepared from the serial dilution culture (17), from which single colonies able to 
dechlorinate TCE/2,4,6-TCP were subjected to subsequent transfers.  Eventually, pure 
Dehalobacter sp. strain TCP2 was obtained.  Strain TCP2’s purity was further 
confirmed by using both clone libraries and normal/nested PCR-DGGEs (Figure 
4.5A). Also, light microscope revealed uniform rod-shaped morphology of strain 
TCP2 with a size of 1-3 μm in length and 0.3-0.6 μm in diameter, consistent with the 










Figure 4.5.  (A) DGGE profiles of PCR products amplified with 8FGC and 518R. 
Lane 1, 1st serial dilution; lanes 2 and 3, normal and nested PCR-DGGE of isolated 
strain TCP2, respectively. (B) Morphology of Dehalobacter sp. TCP2 as observed 
with fluorescent microscope. Cells were stained with fluorescent dye Syto-9 (5 µM). 
 
4.4.5  Characterization of Dehalobacter sp. strain TCP2 
Dehalobacter sp. strain TCP2 could dechlorinate TCE to cis-DCE/trans-DCE 
(ratio: 5.6 (±0.2):1) and 2,4,6-TCP to 4-MCP with an average rate of 141.7 and 13.8 
µmol liter-1 day-1, respectively (Figure 4.6A and B).  Figure 4.6 demonstrated that 
dechlorination of TCE/2,4,6-TCP was coupled to an increase of 16S rRNA gene 
copies of Dehalobacter sp. strain TCP2 as measured by qPCR with Dehalobacter 
species - specific primers.  After consumption of 85.1 ± 4.23 µmol TCE and 11.0 ± 
0.15 µmol 2,4,6-TCP, 16S rRNA gene copy numbers of strain TCP2 increased to 2.57 
× 107 and 8.64 × 106 copies ml-1, respectively (Figure 4.6C and D).  The growth 
yields of strain TCP2 on TCE and 2,4,6-TCP were 3.02 × 1014 and 7.85 × 1014 cells 
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mol-1 of Cl- released (assuming that the 16S rRNA gene copy number per genome was 
one), respectively, which were much higher than reported growth yields of 
Dehalobacter species on 1,1,2-TCA (i.e., 1.53 × 1014 cells mol-1 of Cl- released) 
(Grostern and Edwards, 2006) and Dehalococcoides sp. strain CBDB1 on 2,3-DCP 
(i.e., 7.6 × 1013 cells mol-1 of Cl- released) (Adrian et al., 2007).  A doubling time of 
18.8 hours was estimated from the linear portion of a semilogarithmic plot of the 
qPCR growth curves during TCE-dechlorination.  No increase in Dehalobacter 16S 
rRNA gene copy number was observed with cultures grown under the same 
conditions without TCE or 2,4,6-TCP amendment.  
Among the potential electron acceptors tested, PCE also supported the growth of 
strain TCP2 to produce cis-DCE/trans-DCE at a ratio of ~5.6:1 (data not shown).  
PCE, TCE, and 2,4,6-TCP could not be replaced by DCE isomers, vinyl chloride, 1,1-
dichloroethane, 1,2-dichloroethane, chloroform, pentachlorophenol, Aroclor1260, 
PBDEs, sulfate, sulfite, nitrate, and nitrite.  Strain TCP2 was not fermentative since it 
is incapable of utilizing fumarate, malate, lactate, pyruvate, glucose, or glutamate.  No 
dechlorination occurred with cultures lacking the electron donor hydrogen or the 
carbon source acetate, suggesting that strain TCP2 depended strictly on the energy 











Figure 4.6.  Reductive dechlorination of (A) TCE and (B) 2,4,6-TCP by 
Dehalobacter sp. strain TCP2.  Increase in 16S rRNA gene copies as quantified by 
qPCR during reductive dechlorination of (C) TCE and (D) 2,4,6-TCP. Error bars 
indicate standard deviations. d, days. 
 
Table 4.2. Comparison of Dehalobacter isolates 











strain PER-K23 Formate/H2 PCE, TCE cis-DCE 1421 
Holliger et al., 
1998 
Dehalobacter restrictus 
strain TEA H2 PCE, TCE cis-DCE 1424 Wild et al., 1997 
Dehalobacter sp. strain 
TCA1 Formate/H2 
1,1,1-
Trichloroethane Chloroethane 1414 Sun et al., 2002 





trans/cis-DCE 1531 This study 




4.5  Discussion and conclusion 
Thus far, Dehalobacter species in both pure and mixed cultures have been 
reported to be able to dechlorinate diverse halogenated compounds, such as PCE/TCE 
(Holliger et al., 1998; Wild et al., 1997), 1,2-dichloropropane (Schlötelburg et al., 
2002), 1,1,1-TCA (Sun et al., 2002), beta-hexachlorocyclohexane (van Doesburg et 
al., 2005), 1,2-DCA/1,1,2-TCA (Grostern and Edwards, 2006a), and 1,1,1-TCA/1,1-
DCA (Grostern and Edwards, 2006b), PBDEs (Robrock et al., 2008), and 4,5,6,7-
tetrachlorophthalide (Yoshida et al., 2009).    However, only three Dehalobacter 
strains (i.e., strains PER-K23, TEA, and TCA1) have been isolated and characterized, 
and each of them has a narrow substrate range (Table 4.2).  In this chatper, a novel 
Dehalobacter species strain TCP2 has been isolated from a digester sludge sample, 
which is physiologically and phylogenetically different from other characterized 
Dehalobacter species (Table 4.2).  Most importantly, Dehalobacter sp. strain TCP2 
showed the capability of coupling its growth with reductive dechlorination of 2,4,6-
TCP.  Different from strain TCP2 that can only utilize chlorinated compounds as 
electron acceptors, the 2,4,6-TCP dechlorinating Desulfitobacterium bacteria are 
facultative dechlorinators and their dechlorination activities can be affected by the 
existence of other alternative electron acceptors, e.g. sulfite and nitrate (Villemur et 
al., 2006).  Therefore, strain TCP2 is more promising for bioremediation of 2,4,6-TCP 
contaminated sites.  Additionally, strain TCP2 is different from previously reported 
Dehalobacter species (Holliger et al., 1998; Wild et al., 1997) by generating trans-
DCE from PCE/TCE dechlorination (Table 4.2).  Previous studies demonstrate that 
bacteria capable of producing significant amount of trans-DCE are belong to the 
Chloroflexi phylum, e.g., Dehalococcoides species strains 195 and MB (Cheng and 
He, 2009; Maymó-Gatell et al., 1999), Dehalobium chlorocoercia DF-1 (Miller et al., 
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2005), and other Dehalococcoides species in mixed cultures (Griffin et al., 2004; 
Kittelmann and Friedrich, 2008).  Strain TCP2 possesses a strict metabolism to utilize 
H2 as the sole electron donor and halogenated compounds as electron acceptors.  The 
unusual long 16S rRNA gene sequence due to an insertion of ~ 110 bp may indicate 
strain TCP2’s unique substrates utilized (e.g., TCP) and the products produced from 
TCE (e.g., trans-DCE).  Insertion of short sequences or intervening sequences (IVS) 
has been reported to be widespread in the 16S rRNA genes of prokaryotes (e.g., 
Thermoanaerobacter and Desulfitobacterium) that normally have multiple 16S rRNA 
genes (Pei et al., 2010).  Nevertheless, this is the first documentation of an extra 
insertion to a 16S rRNA gene sequence of a characterized Dehalobacter species that 
normally have single 16S rRNA genes in their genomes. 
The newly developed 2S-DGGE in this chapter provides an alternative way to get 
full-length 16S rRNA gene sequences, which distinguishes itself from clone library by 
its advantages of running multiple samples in a single run and displaying microbial 
community profiles directly on the gel.  2S-DGGE also has high resolution capability 
in screening sequence difference.  Out of nine highly variable regions in 16S rRNA 
genes (Baker et al., 2003), Liu et al. (Liu et al., 2008) reports that V2 and V4 give the 
lowest error rates when assigning taxonomy, and these two regions are also suitable 
for community clustering (Liu et al., 2008).  Compared with normal DGGE or 
combined DGGE/clone-library by screening sequence difference within the sole V3 
region, 2S-DGGE can screen sequence differences across over 5 highly variable 
regions (V1~V5) within 16S rRNA genes by using the two selected GC-clamped PCR 
primer sets (8FGC and 518R, and 519FGC and 926R), which thus could supply much 
better genotyping capability.  For example, 2S-DGGE analysis demonstrates an 
insertion sequence in V1 region of the 16S rRNA gene of strain TCP2, which is not in 
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the coverage of the widely used DGGE primer set 341FGC and 518R (Muyzer et al., 
1993) targeting only the V3 region of the 16S rRNA genes. 
2S-DGGE technique also shows advantage of probing minor dechlorinators (e.g., 
<1% Dehalococcoides or Dehalobacter) in microbial reductive dechlorinating 
consortia or bioremediation sites, which are difficult to be captured by clone library 
unless picking more than 100 colonies.  Furthermore, phylogenetic characterization of 
specific dechlorinators can be conducted by PCR analysis using genus-specific 
primers.  To further differentiate their subgroups and make taxonomy assignments, 
multiple clone libraries are required for each genus-specific PCR product but only 
partial 16S rRNA gene sequences (depending on the amplified sequence length of 
genus-specific primers) can be obtained, e.g.,  ~830 bp sequences can be obtained by 
using Dehalobacter genus-specific primers Deb179F and 1007R (Holliger et al., 
1998).  The 2S-DGGE can differentiate distinct species in each genus and further pull 
out their nearly full-length 16S rRNA gene sequences of interested minor populations 
within multiple samples simultaneously in a single run, e.g., phylogenetic 
characterization of Dehalococcoides populations present in PBDE-debromination 
microcosms by using a single run of 2S-DGGE instead of constructing 6 clone 
libraries (Figure 4.4B).  Additionally, 2S-DGGE might be a complementary strategy 
to next-generation sequencing (NGS) platforms to get full-length sequence 
information of interested populations.  Thus far, characterizing microbial community 
has been greatly facilitated by the development of NGS platforms (e.g., GS-FLX 
system, Illumina Solexa system, and SOLiD system) which supply unsurpassed 
detection capability.  However, the application of NGS is still limited due to their 
relatively short read-lengths (e.g. average 330 bp for 454 GS-FLX system) (Metzker, 
2010).  Based on 16S rRNA gene sequence (V1-V3) information generated by NGS, 
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bacterial strain-specific forward primers can be designed (Step 3 in Figure 4.1), and 
then full-length 16S rRNA gene sequences can be obtained through next 2S-DGGE 
procedures. 
Overall, a novel Dehalobacter sp. strain TCP2 is obtained and characterized in 
this chapter with the help of the new strategy - 2S-DGGE, which shows both 
phylogenetic and physiological differences from other characterized Dehalobacter 
species.  2S-DGGE is promising in phylogenetically characterizing minor populations 




























Reductive dechlorination of Aroclor 1260 by anaerobic 
bacteria from soils and sediments  
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5.1  Abstract 
In this chapter, we screened microbial reductive dechlorination of the 
polychlorinated biphenyl (PCB) mixture – Aroclor 1260 - in 18 microcosms 
inoculated with soils and sediments collected from various locations. After 12 months 
of incubation, 12 out of 18 microcosms showed PCB dechlorination but with distinct 
dechlorination patterns (e.g., Process H, N and T).  Through serial transfers in defined 
medium amended with lactate, 6 sediment-free PCB dechlorinating cultures (i.e., CW-
4, CG-1, CG-3, CG-4, CG-5 and SG-1) were obtained without amending 
sediments/sediment-substitutes. PCB dechlorination Process H was the most 
frequently observed dechlorination pattern, and was present in sediment-free cultures 
CW-4, CG-3, CG-4 and SG-1.  Culture CG-5 showed the most extensive PCB 
dechlorination capability among the six cultures, which was mediated by Process N, 
resulting in accumulation of penta- (i.e., 236-24-CB) and tetra-chlorobiphenyls (tetra-
CBs) (i.e., 24-24-CB, 24-25-CB, 24-26-CB and 25-26-CB).  After 3 months of 
incubation, sediment-free culture CG-5 can dechlorinate 30.44% hepta-CBs and 59.12% 
hexa-CBs, with tetra-CBs as the predominant product. Dechlorinators in culture CG-1 
mainly attacked double flanked meta-chlorines and partially ortho-chlorines, which 
might represent a novel dechlorination pattern.  PCB dechlorination activities in the 
sediment-free cultures can be sustained and transferred in defined medium amended 
with lactate, but fade away when acetate was supplied as the sole carbon source and 
H2 as electron acceptor.  Phylogenetical analysis showed diverse affiliation of PCB 
dechlorinators in the microcosms, including Dehalobacter species and all three 
Dehalococcoides subgroups (i.e., Cornell, Victoria and Pinellas).  The results from 
this chapter can broaden the knowledge for microbial reductive dechlorination of 
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PCBs, and provide essential information for culturing and stimulating PCB 




5.2  Introduction       
The use of PCB mixtures (e.g., Aroclor 1260) in electrical transformers, 
hydraulic fluids and other areas has resulted in PCB contamination in sediments of 
lakes, rivers, and harbors worldwide (Fujiwara et al., 1975; Grimalt et al., 2004; Xing 
et al., 2005; Davis et al., 2007; Weber et al., 2008), thus posing a threat to the health 
of human beings and ecosystems (ATSDR, 2000).  Bioremediation is an effective and 
economic approach to remove PCBs from contaminated environments, and the 
microbial removal of highly chlorinated PCB congeners is limited to anaerobic 
processes through microbial reductive dechlorination (Bedard et al., 2008).  
After the first report of in situ dechlorination of PCBs by anaerobes (Brown et 
al., 1984; Brown et al., 1987), evidences to date have demonstrated that in situ PCB 
dechlorination is widespread in many anaerobic PCB contaminated environments, 
including freshwater (pond, lake, and river), estuarine, and marine sediments (Wiegel 
et al., 2000).  To understand potential bioremediation at these sites, it is important to 
evaluate the possible indigenous dechlorinators, which is normally conducted by 
culturing microbes in the laboratory through establishing microcosms with indigenous 
soil or groundwater samples (Löffler et al., 2006).  Thus far, many enrichment 
cultures have been obtained by using either single PCB congeners or PCB mixtures 
(Quensen et al., 1988; Wiegel and Wu, 2000).  For example, a mixed culture enriched 
from Dutch sediment can dechlorinate 234-234-CB and 236-236-CB to penta- and 
tetra-CBs by attacking ortho, meta, or para-chlorines (Hartcamp-Commandeur et al., 
1996).  Two anaerobic PCB-dechlorinating enrichments with para-dechlorination 
specificities were obtained with sediments derived from Aroclor 1260-contaminated 
Woods Pond and PCB-free Sandy Creek Nature Center sediments, respectively (Wu 
et al., 1997).  Enriched cultures with extensive Aroclor 1260 dechlorination activities 
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were also obtained by using effective primer compounds, e.g., 23456-CB (Bedard et 
al., 1997) and brominated biphenyls (Bedard et al., 1998).  Based on profiles of PCB 
congeners loss and new congeners formation by these enriched cultures and in situ 
field studies, eight distinct microbial dechlorination processes (i.e., Processes M, Q, 
H’, H, P, N, LP and T) have been identified (Wiegel and Wu, 2000; Bedard et al., 
2003).  However, most previously developed enrichment cultures require the presence 
of sediments to maintain PCB dechlorination activities (Wiegel and Wu, 2000; 
Bedard, 2008).  
To further elucidate PCB dechlorination processes, isolation of PCB 
dechlorinators from these enrichment cultures is necessary, which requires the 
development of sediment-free cultures (Bedard, 2008).  Thus far, only a few 
sediment-free cultures have been developed and maintained with PCB dechlorination 
activities, e.g., two cultures were enriched on 2356-CB and 2345-CB by removing 
ortho-chlorines (Cutter et al., 1998) and meta-/para-chlorines (Wu et al., 2000), 
respectively.  Correspondingly, their PCB dechlorinators were identified to be 
Chloroflexi bacterium o-17 (Cutter et al., 2001) and DF-1 (Wu et al., 2002) by using 
PCR-DGGE method.  Nevertheless, both 2356-CB and 2345-CB are not the major 
PCBs present at the contaminated sites.  For microbial reductive dechlorination of 
Aroclor 1260, it is more complicated to develop sediment-free cultures.  Until now, 
only sediment-free culture JN has been developed to extensively dechlorinate Aroclor 
1260 by Dechlorination Process N (Bedard et al., 2006).  In culture JN, 
Dehalococcoides species was identified to couple their growth with PCB 
dechlorination by qPCR (Bedard et al., 2007).  Nevertheless, culture JN requires the 
presence of silica powder as a carrier for Aroclor 1260 to increase its bioavailability 
(Bedard et al., 2006).  By using the same strategy, Dehalococcoides sp. CBDB1, a 
112 
 
pure culture isolated from dechlorination of chlorobenzenes, also showed the 
capability to dechlorinate Aroclor 1260 in a cometabolic process after pre-growing on 
trichlorobenzenes (Adrian et al., 2009).  Thus far, all PCB dechlorinators were 
identified to be either Dehalococcoides species (i.e. Pinellas subgroup) or 
phylogenetically related but distinct Chloroflexi bacteria (e.g., DF-1 and o-17) 
(Bedard, 2008), therefore, information on developing sediment-free cultures and 
identification of PCB dechlorinators is still limited. 
In this study, 18 soil and sediment samples were collected from different 
locations to set up microcosms for screening Aroclor 1260 dechlorination activities.  
Accompanying with that, their PCB dechlorination patterns were also evaluated.  
From the active PCB dechloirnating microcosms, six sediment-free cultures with 
distinct dechlorination specificities were successfully established without amending 
any sediments/sediment-substitutes.  Initial phylogenetic insights into key 
dechlorinators were also gained by using 16S rRNA gene-based techniques. 
 
5.3  Materials and methods 
5.3.1  Chemicals 
Unless stated otherwise, chemicals were purchased from Sigma-Aldrich at the 
highest purity available.  All PCBs were purchased from AccuStandard (New Haven, 
CT, USA).  H2 was obtained from a hydrogen generator (NM-H250, Schmidlin-DBS 
AG, Neuheim, Switzerland).  The DNA extraction kits were obtained from Qiagen 
(QIAGEN, GmbH, Germany), and the GoldTaq DNA polymerase and related PCR 
reagents were purchased from Applied Biosystems (Foster City, CA, USA).  
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5.3.2  Microcosm preparation, culture transferring and growth conditions 
Totally 18 samples were collected in four Asian countries, China (Wuhan in 
Hubei and Guiyu in Guangdong, China), Indonesia (West Java, Indonesia), Malaysia 
(Penang, Malaysia), and Singapore (Jurong Island, Singapore).  The characteristics of 
samples with PCB dechlorination activities are shown in Table 5.2.  The soil and 
sediment samples were collected by filling sterile 50-ml plastic Falcon tubes that were 
capped and transported to the laboratory at the ambient temperature.  Concentrations 
of PCBs in these samples were under detection limit.  Microcosm setup was 
conducted in anaerobic chamber as described previously (He et al., 2006).  Briefly, 90 
ml of bicarbonate-buffered mineral salts medium (Cole et al., 1994; Löffler et al., 
1997; He et al., 2002) amended with 10 mM of lactate were dispensed into 160 ml 
serum bottles containing roughly 10 grams of collected samples.  The bottles were 
sealed with black butyl rubber septa (Geo-Microbial Technologies, Inc, Ochelata, OK, 
USA) and secured with aluminum crimp caps.  Then, a 60 μl of Aroclor 1260 
(AccuStandard, New Haven, CT, USA) stock solution (50 mg of total PCBs per ml) 
in GC grade isooctane was spiked into the medium to a final concentration of 30 ppm.  
The microcosms were incubated in the dark at 30°C.  Microcosms were checked on 
their PCB dechlorination activities frequently by gas chromatograph equipped with an 
electron capture detector (GC-ECD) as described in following sections.  Sediment-
free cultures were obtained by at least 5 times of transferring supernatant of the active 
microcosm to the same medium (5%, v/v) as described (Löffler et al., 1997).  Two 
PCB congeners (i.e., 2345-245-CB and 234-245-CB) were also studied to determine 
their dechlorination pathways in the sediment-free cultures.  All experiments were set 
up in triplicates.  Duplicate controls were also set up for each experiment. 
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5.3.3  Analytical methods 
PCBs were extracted with isooctane.  Mixed liquor of 1ml was withdrawn and 
subjected to a liquid-liquid extraction with an equal volume of isooctane in a 4 ml 
amber vial.  The vial was vigorously shaken for 2 h and then centrifuged at 14,000 
rpm for 10 min.  The solvent phase of 0.5 ml was transferred to a 2-ml amber glass 
vial for subsequent GC analysis.  PCBs were measured with a gas chromatograph (GC) 
6890N equipped with an electron capture detector (GC-ECD) and a DB-5 capillary 
column (30 m x 0.32 mm x 0.25 μm film thickness; J&W Scientific, Folsom, CA, 
USA) as described (Wang and He, 2011).  The temperature program was initially held 
at 170°C for 5 min, increased at 2.5°C min-1 to 260°C, and held for 10 min.  Injector 
and detector temperature were 250°C and 300°C, respectively.  Nitrogen was used as 
the carrier gas at a flow rate of 1.2 ml min-1.  Sample of 1 μl was injected into the GC 
inlet in a splitless mode.  The elution time of all 209 PCB congeners was determined 
with PCB congener mixes 1 through 9 from AccuStandard.  The relative elution order 
of PCBs in these mixtures was published for DB-5 column (Chu et al., 2004).  PCBs 
were quantified by using a customized calibration standard prepared from Aroclor 
1260 plus the congeners that are known to be frequent dechlorination products as 
described (Smullen et al., 1993).  Additional congeners were quantified from 
standards prepared from the AccuStandard PCB congener mixes.  In all cases we used 
a seven-point second order calibration curve.   
 
5.3.4  DNA extraction, PCR, and sequencing 
Total genomic DNA was extracted from 1 ml of cell pellets collected from 
dechlorinating cultures as well as the controls according to the manufacturer’s 
instructions but with minor modifications (Chow et al., 2010).  The concentration of 
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the nucleic acid was determined by a Nanodrop-1000 instrument (NanoDrop 
Technologies, Wilmington, DE, USA).  PCR (Eppendorf, Hamburg, Germany) 
amplifications of 16S rRNA gene sequences were conducted under conditions 
described previously (Löffler et al., 1997).  The primer sequences used in this chapter 
are shown in Table 5.1.  PCR products were sequenced and aligned as described (He 
et al., 2003).   
Table 5.1. Primers used in this study 
Primer Target Orientation Sequence (5’ to 3’) Reference or source 
8F Bacteria 16S rRNA genes Forward AGAGTTTGATCCTGGCTCAG Reysenbach et al, 1994 
519F Bacteria 16S rRNA genes Forward CAGCMGCCGCGGTAATWC Baker et al., 2003 
518R Bacteria 16S rRNA genes Reverse ATTACCGCGGCTGGCTGG Ovreas et al., 1997 
926R Bacteria 16S rRNA genes Reverse CCGICIATTIITTTIAGTTT Baker et al., 2003 
1392R Bacteria 16S rRNA genes Reverse ACGGGCGGTGTGTAC Lane, 1991 
DHC710R Dehalococcoides 16S rRNA genes Reverse CAGTGTCAGTGACAACCTAG Wang and He, 2011 
DEB165F Dehalobacter 16S rRNA genes Forward CTGCTAATACCGGATGTA This study 
DEB630R Dehalobacter 16S rRNA genes Reverse CGCACTTTCACATCAGACTT Wang and He, 2011 








rRNA gene Forward GTTCACTAAAGCCGTAAGGC Wang and He, 2011 




Muyzer et al., 1993 
a The GC-clamp was attached to the 5´-end of the 8F and 519F to get primers 8FGC and 519FGC, respectively 
 
5.3.5  2S-DGGE 
PCR amplifications were firstly conducted with 8F together with genus-specific 
reverse primer (i.e., DEB630R and DHC710R). Then the diluted PCR products were 
subjected to subsequent 2S-DGGE steps as described in chapter 4.  PCR products 
amplified with the GC-clamped primer sets were separated on an 8% polyacrylamide 
gel with a gradient range of 30-60% (100% denaturant consisted of 7 M urea and 40% 
deionized formamide) in 0.5 × TAE buffer.  Gradient gels were cast with Bio-Rad’s 
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Model 475 gradient delivery system (Bio-Rad, Hercules, CA, USA).  The 
electrophoresis was performed for 15 h at a constant electric current of 30 mA and a 
temperature of 60°C with the D-Code Mutation Detection System (Bio-Rad, Hercules, 
CA, USA).  Gel images of SYBR® Gold (Invitrogen, Carlsbad, CA, USA) staining 
DNA were taken by using a Molecular Imager Gel Doc XR System (Bio-Rad, 
Hercules, CA, USA).  Bands of interest were excised and DNA fragments were 
extracted by using the QIAEX II Gel Extraction Kit (QIAGEN, GmbH, Germany).  
The captured DNAs were then PCR re-amplified, and re-analyzed by DGGE to 
confirm that single bands were obtained before sending the PCR re-amplified 
products for sequencing. 
 
5.3.6  Sample nomenclature 
In this chapter, the samples were denoted based on the locations from which they 
were collected.  The abbreviation used for locations were as follows: CW, Wuhan, 
China; CG, Guiyu, China; ID, Indonesia; MY, Malaysia; SG, Singapore.  For example, 




5.4  Results 
5.4.1  Screening PCB dechlorination activities 
Soil and sediment samples collected from 18 locations were used as inocula in 
microcosm studies to determine their capabilities to dechlorinate PCB congeners in 
Aroclor 1260.  After 12 months of incubation, 12 microcosms showed PCB 
dechlorination activities (Table 5.2) (PCB dechlorination activity in another culture, 
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denoted as AD14, will be discussed further in chapter 6), which predominantly 
dechlorinated hepta-CBs (e.g., 2345-245-CB, 2345-236-CB, 2345-234-CB and 2346-
245-CB) and hexa-CBs (e.g., 234-245-CB, 2345-25-CB, 245-245-CB, 234-236-CB 
and 236-245-CB) to penta-CBs (e.g., 235-25-CB, 245-24-CB, 245-25-CB and 236-
24-CB) and tetra-CBs (e.g., 24-25-CB, 25-25-CB and 24-24-CB).  Several following 
hexa-CB congeners were produced as intermediates, e.g., 235-245-CB, 234-245-CB 
and 236-245-CB.  10 out of the 12 active microcosms were collected from China and 
Singapore and showed extensive PCB dechlorination activities in distinct PCB 
dechlorination patterns.  For example, 25-25-CB and 24-25-CB were the major tetra-
CBs produced in CW-1, CW-4 and SG-1 microcosms, which are the major 
dechlorination products of PCB dechlorination Process H (Wiegel and Wu, 2000; 
Bedard et al., 2003).  In comparison, 24-24-CB and 24-25-CB were dominant tetra-
CBs observed in CG-5 microcosm, which were predominant tetra-CBs produced by 
PCB dechlorination Process N (Wiegel and Wu, 2000; Bedard et al., 2003).  
Interestingly, as shown in Table 5.2, microcosms which preferred to remove chlorines 
from 2345-245-CB did not dechlorinate 245-245-CB effectively, and almost all 
dechlorination activities stopped at penta-CBs in these 6 microcosms (i.e., CW-2, 
CW-3, CG-1, CG-2, CG-3 and CG-4).  Other four highly active microcosms (i.e., 
CW-1, CW-4, CG-5 and SG-1) can effectively dechlorinated both 245-245-CB and 
2345-245-CB and produced penta- and tetra-CBs as predominant dechlorination 
products.  Among the 12 active microcosms, culture CG-5 showed the most extensive 





Microcosm Sample and its collection site 
Mol% Change of PCB homologa 














CW-1 Clay and silt around a fishing plant, Yang Tze River 0.00 -0.49 -8.94 -11.14 14.06 6.47 0.04 
245-245-CB, 234-245-CB, 2345-245-
CB, 2345-236-CB, 2345-25-CB 
235-25-CB, 25-25-CB, 245-24-
CB, 235-245-CB, 24-25-CB 




Digester sludge of a wastewater 
treatment plant of a pesticide 
factory 
-0.06 -1.99 -15.00 -0.37 16.32 1.10 0.05 
2345-245-CB, 234-245-CB, 2345-





CW-4 Silt around wastewater treatment plant outlet of a pesticide factory 0.00 -1.08 -13.74 -15.1 15.39 14.05 0.48 
245-245-CB, 234-245-CB, 2345-245-




CG-1 Sand and silt near Liangjiang River -0.01 -1.92 -14.96 2.43 13.75 0.71 0.00 
2345-245-CB, 234-245-CB, 2345-















CG-4 Sand and silt of ditch sediment near electronic waste dump site 0.00 -0.03 -10.27 -1.56 11.39 0.47 0.00 
2345-245-CB, 234-245-CB, 2345-25-
CB, 2345-236-CB, 2345-234-CB 
234-245-CB, 245-24-CB, 
2345-26-CB, 235-25-CB 
CG-5 Sand of ditch sediment near electronic waste dump site -0.01 -0.01 -11.45 -28.95 14.94 21.02 4.46 
245-245-CB, 236-245-CB, 234-245-
CB, 2345-245-CB, 234-236-CB, 
2345-245-CB, 234-236-CB, 2345-25-
CB, 2345-236-CB, 236-25-CB 
24-24-CB, 2356-24-CB, 236-
24-CB, 24-24-CB, 24-25-CB, 
24-26-CB, 24-2-CB 
ID-1 Sand of Cipanas River Sediment 0.00 -0.03 -1.62 -0.56 1.84 0.37 0.00 ND ND 
MY-1 Soil of an orchard 0.00 -0.01 -1.10 -0.23 1.21 0.13 0.00 ND ND 
SG-1 Digester sludge of an industrial wastewater treatment plant 0.00 -1.28 -12.18 -10.14 14.94 8.61 0.05 
245-245-CB, 2345-245-CB, 234-245-
CB, 2345-236-CB, 2345-234-CB, 
2345-25-CB 
235-245-CB, 235-25-CB, 245-
25-CB, 24-25-CB, 25-25-CB, 
2345-26-CB 
Table 5.2. Dechlorination of Aroclor 1260 in microcosms after 12 months of incubation 
a “-“, decrease of mol%, all the mol% change of PCB homologs were measured quantitively based on decrease or increase of congener peaks compared to control samples.  
b PCB congeners were listed from more to less decrease, but all are above 2 mol% decrease. 
c PCB congeners were listed from more to less increase, but all are above 2 mol% increase. 
ND, no PCB congeners experienced more than 2 mol% decrease or increase 
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5.4.2  Development of sediment-free PCB dechlorinating cultures 
 To obtain sediment-free PCB dechlorinating cultures, the 12 active microcosms 
were transferred in the defined medium amended with Aroclor 1260 (30 ppm) and 
lactate (10 mM).  Finally, 6 sediment-free cultures (i.e., CW-4, CG-1, CG-3, CG-4, 
CG-5 and SG-1) were obtained after 5 times of serial transfers (5% inocula, v/v), 
which dechlorinated PCB congeners in distinct dechlorination patterns.  The PCB 
dechlorination activities can be sustained and transferred in defined medium amended 
with lactate.  To check whether their PCB dechlorination activities could be sustained 
with acetate as sole carbon source, these sediment-free cultures were also transferred 
in defined medium amended with acetate (10 mM).  Results showed that PCB 
dechlorination activities were only observed in two cultures (i.e., CG-1 and CG-4) at 
first transfer with increasing lag time.  However, no PCB dechlorination activities 
were detected in following transfers in the defined medium amended with sole acetate.  
Two PCB congeners (i.e., 2345-245-CB and 234-245-CB, two of the most abundant 
congeners in Aroclor 1260 and comprising ~20% of total PCBs by mole) were added 
to the sediment-free cultures to study their PCB dechlorination pathways.
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Figure 5.1. Congener distribution of Aroclor 1260 in control samples (A) and absolute difference in the congener distribution of Aroclor 1260 
residue after 6 months of incubation between controls and sediment-free culture CW-4 (B), CG-1 (C), CG-3 (D), CG-4 (E), and SG-1 (F).  
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(i) In culture CW-4 (Figure 5.1B), PCB dechlorinators mainly attacked flanked 
para- and double flanked meta-chlorines from 2345-, 245-, and 234-CB.  In 
individual congener experiments, 2345-245-CB was dechlroinated mainly to 235-25-
CB via 235-245-CB, and partially to 25-25-CB via 245-245-CB and 245-25-CB.  234-
245-CB can be dechlorinated predominantly to 24-25-CB via 234-25-CB and 245-24-
CB.  The dechlorination pattern in this culture matched PCB Dechlorination Process 
H, which was firstly observed in situ both in the Acushnet Estuary (New Bedford, 
MA) and in parts of Hudson River (New York) (Brown JF, 1990). 
 (ii) In culture CG-1, dechlorinators mainly removed double flanked meta-
chlorines from 2345-CB, and 234-CB of several most abundant congeners in Aroclor 
1260 (e.g., 2345-245-CB and 234-245-CB) (Figure 5.1C), resulting in the 
accumulation of 245-245-CB, 245-24-CB.  Further dechlorination of 245-245-CB to 
lower chlorinated PCBs was not observed after another two months of incubation.  
Few para-chlorine removement was also observed in culture CG-1 amended with 
2345-245-CB congener which was dechlorinated predominantly into 245-245-CB and 
partially into 235-245-CB.  Interestingly, several ortho-dechlorination products were 
present in this culture, e.g., 236-34-CB possibly from partial dechlorination of 234-
236-CB.  The dechlorination pattern in culture CG-1 did not match any single existing 
PCB dechlorination process. 
 (iii) Based on appearance/disappearance of PCB congeners and their mass 
balance together with dechlorination of two PCB congeners (i.e., 2345-245-CB and 
234-245-CB), dechlorinators in culture CG-3 mainly attacked double flanked meta-
chlorines from 2345- and 234-CB, and flanked para-chlorines from 2345-CB and 
245-CB (Figure 5.1D).  For example, 2345-245-CB was dechlorinated to 235-245-CB 
and 25-25-CB via 245-245-CB and 245-25-CB.  234-245-CB can be dechlorinated to 
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24-25-CB via 245-24-CB.  The dechlorination pattern in culture CG-3 could be a 
combination of PCB Dechlorination Process H (i.e., 234-, 245-, and 2345-CB) and 
Process T (i.e., 2345-CB) (Wiegel and Wu, 2000; Bedard et al., 2003).  
 (iv) Similar with PCB Dechlorination Process H in culture CW-4, dechlorinators 
in culture CG-4 mainly removed double flanked meta-chlorines from 234-CB (i.e., 
234-245-CB and 234-236-CB), and flanked para-chlorines from 2345-, 245-CB (i.e., 
2345-245-CB, 2345-234-CB, 2345-25-CB and 236-245-CB) (Figure 5.1E). The 
difference between these two cultures was that culture CG-4 can not effectively 
dechlorinate 245-245-CB into lower chlorinated PCB congeners and further 
dechlorination of produced penta-CBs into tetra-CBs was slow. 
 (v)  Appearance and disappearance of PCB congeners in culture SG-1 were quite 
similar with that in culture CW-4 (Figure 5.1F), both of which dechlorinated Aroclor 
1260 in PCB Dechlorination Process H and produced 25-25-CB and 24-25-CB as 
predominant dechlorination products.  Significant increase of 2345-26-CB was also 
observed in SG-1, CW-4 and CG-4, which was probably from flanked meta-
dechlorination of 2345-236-CB.  The substrate preference for chlorophenyl rings 
observed in these three cultures was as follows: 2345 > 234 > 245. 
 
5.4.3  Extensive dechlorination of Aroclor 1260 in sediment-free culture CG-5 
After 8 times of serial transfers in defined medium amended with Aroclor 1260 
(30 ppm) and lactate (10 mM), the sediment-free culture CG-5 was obtained, which 
showed the most extensive dechlorination of Aroclor 1260 after 3 months of 
incubation (Figure 5.2).  In culture CG-5, major hepta- (i.e., 2345-245-CB, 2345-236-
CB, 2356-234-CB and 2345-234-CB) and hexa-CB (i.e., 245-245-CB, 236-245-CB, 
234-245-CB, 234-236-CB and 2345-25-CB) congeners of Aroclor 1260 were 
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substantially dechlorinated to lower halogenated PCB congeners, of which the 
prominent dechlorination products were penta- (i.e., 236-24-CB) and tetra-CB 
congeners (i.e., 24-24-CB, 24-25-CB, 24-26-CB and 25-26-CB).  Different from 
microcosm CG-5 (4.46% increase in Table 5.2), overall tri-CBs in sediment-free 
culture CG-5 showed little increase (i.e., 1.11%).  Four dominant hexa-CB congeners, 
accounting for 71.94 mol% of total hexa-CB congeners, experienced more than 50% 
decreases, i.e., 245-245-CB (55.19%), 236-245-CB (66.80%), 234-245-CB (53.37%), 
and 234-236-CB (100%).  Four of the most abundant hepta-CB congeners also 
experienced dramatic decrease, i.e., 2345-245-CB (26.51%), 2345-236-CB (53.85%), 
2345-234-CB (44.65%), and 2356-234-CB (51.12%).  As shown in Table 5.3, the 
overall hepta- and hexa-CBs were dramatically reduced from 36.26 mol% to 25.22 
mol% (an 11.04 mol% decrease), and from 47.75 mol% to 19.52 mol% (a 28.23 mol% 
decrease), respectively.  Accordingly, penta- and tetra-CBs as major dechlorination 
products increased 11.57 and 26.72 mol% of total PCBs, respectively.  Cultures CG-5 
can dechlorinate both 2345-245-CB and 234-245-CB predominantly into 24-24-CB 
through attacking flanked meta-chlorines (i.e., 234, 245, 2345).  Based on 
appearance/disappearance of PCB congeners and their mass balance together with 
dechlorination of two PCB congeners (i.e., 2345-245-CB and 234-245-CB), the 
dechlorination pattern in culture CG-5 mainly matched PCB Dechlorination Process 
N, which occurred in situ in the Housatonic River (Bedard et al., 1996) and was also 
observed in laboratory experiments with sediment slurries from Silver Lake (Quensen 










Figure 5.2. Congener distribution in (A) abiotic controls and in (B) sediment-free 
culture CG-5 after 3 months of incubation, and (C) differences in congener 
distribution of Aroclor 1260 residue between control bottles and culture CG-5.  
 
Table 5.3. Effect of sediment-free culture CG-5 on PCB homolog distribution after 3 
months of incubation 
PCB homolog a 
Moler Percentage in Total PCBs 
% Decrease 
Control b Active c SD 
Tri-CB 0.07 1.18 0.47 
Tetra-CB 0.21 26.93 1.54 
Penta-CB 9.63 21.20 1.89 
Hexa-CB 47.75 19.52 2.10 59.12 
Hepta-CB 36.26 25.22 1.33 30.44 
Octa-CB 5.51 5.39 0.06 2.18 
Nona-CB 0.57 0.56 0.01 
a No mono-, or dichlorobiphenyls were detected. 
b Data are the means for two uninculated controls. 
c Data are the means for the three cultures CG-5 that showed extensive dechlorination of Aroclor 1260. 
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5.4.4  Identification of PCB dechlorinators 
To acquire information about the possible PCB dechlorinators present in the 
active microcosms originated from China and Singapore, PCR amplifications were 
conducted with primers specific for the 16S rRNA genes of known PCB 
dechlorinating bacteria (i.e., Dehalococcoides and o-17/DF-1-type Chloroflexi 
organisms) and the obligate dehalogenator, Dehalobacter species (Field et al., 2008; 
Bedard, 2008).  To have a broader match, a new primer set (i.e., DEB165F and 
DEB630R in Table 5.1) was utilized to screen Dehalobacter species from these 
cultures, of which the specificity was verified by using RDP's ProbeMatch (Cole et al., 
2009).  PCR results ruled out the involvement of o-17/DF-1-type Chloroflexi 
organisms in the microcosms.  All known PCB dechlorinators and the Dehalobacter 
species were not present in the microcosms originated from Indonesia (ID-1) and 
Malaysia (MY-1) based on PCR amplification with specific primers.  Among the 10 
microcosms from China and Singapore, Dehalobacter species was identified only in 
CW-1 microcosm, whereas Dehalococcoides species were identified to be present in 
other 9 microcosms.  To phylogenetically identify these dechlorinators with nearly 
full-length 16S rRNA gene sequences and to avoid tedious clone-library construction, 
2S-DGGE was employed to profile the Dehalobacter and Dehalococcoides 
populations in the microcosms.   Single bands on the DGGE gel (Figure 5.3A) 
indicated that only single Dehalobacter/Dehalococcoides species were present in the 
microcosms.  The 16S rRNA gene sequence (1422 bp) of Dehalobacter sp. CW-1 
present in culture CW-1 shares the highest similarity of 98% with that of 
Dehalobacter clone FTH2 (AB294743) identified in a 4,5,6,7-tetrachlorophthalide 
dechlorinating culture (Yoshida et al., 2009). The sequence information suggested 
that 16S rRNA gene sequences of Dehalobacter sp. CW-1 have 8 mismatch positions 
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with the commonly used Dehalobacter genus-specific primers, i.e., Deb179F and 
Deb1007 (Holliger et al., 1998).  As shown in Figure 5.3B, the identified 
Dehalococcoides species were affiliated to all three Dehalococcoides subgroups, 
Cornell (cultures CG-2 and CG-4), Victoria (cultures CW-3, CG-1 and CG-3) and 
Pinellas (cultures CW-2, CW-4, CG-5 and SG-1).  Nearly full-length 16S rRNA gene 
sequences (~1350 bp) of these Dehalococcoides were identical with that of 
representative Dehalococcoides (i.e., 195, VS and CBDB1), except Dehalococcoides 
sp. CG-1.  The 16S rRNA gene sequence of Dehalococcoides sp. CG-1 shares 99% 
































Figure 5.3.  (A) Characterization of Dehalococcoides/Dehalobacter populations present in 
PCB dechlorinating microcosms by 2S-DGGE. (B) Phylogenetic tree of PCB dechlorinating 
Dehalococcoides (closed circles) and Dehalobacter species (open circle) identified from the 
microcosms. Phylogenetic analysis was conducted in MEGA4 (Tamura et al., 2007).  
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5.5  Discussion and conclusion 
In this chapter, sediment-free PCB-dechlorinating cultures (i.e., CW-4, CG-1, 
CG-3, CG-4, CG-5 and SG-1) have been successfully obtained from microcosms set 
up with soils, sediments and sludge, which are different from previous Aroclor1260-
dechlorinating cultures requiring the presence of sediments or sediment-substitutes 
(Boyle et al., 1993; Wu et al., 1997; Wiegel and Wu, 2000; Bedard et al., 2006; 
Bedard, 2008; Adrian et al., 2009).  During our cultivation process, microcosms ID-1 
and MY-1 lost their PCB dechlorination activities in the second transfer, while CW-1, 
CW-2, CW-3 and CG-2 gradually lost their PCB dechlorination capabilities with the 
elimination of sediments in the serial transfers.  This phenomenon may be explained 
by the distinct roles of sediments, e.g., supply specific nutrients for PCB 
dechlorinators (Boyle et al., 1993; Wiegel and Wu, 2000), and improve PCB 
bioavailability (Bedard et al., 2006; Bedard, 2008).  For example, when serving to 
improve PCB bioavalability, sediments have been replaced by silica powder to 
cultivate the JN culture to extensively dechlorinate Aroclor 1260 (Bedard et al., 2006).  
Similarly, Dehalococcoides sp. strain CBDB1 can also extensively dechlorinate 
Aroclor 1260 in the presence of silica powder when pregrown on trichlorobenzenes.  
However, in many PCB dechlorinating cultures, sediments likely play both roles 
simultaneously, since sediments can not be simply substituted with silica powder in 
the defined medium, e.g., PCB dechlorination activities in silica powder - dosed JN 
cultures can not be sustained at the third transfer unless yeast extract was added to the 
medium (Bedard et al., 2006).  Nevertheless, during our cultivation of sediment-free 
cultures, appropriate carbon source selection seems to be a key factor.  Comparing 
with acetate, formate, or ethanol, lactate served as an excellent carbon source to 
support the formation of robust PCB-dechlorinating microbial consortia in the 
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absence of sediments or sediment substitutes.  Actually, mixed carbon sources (e.g., 
glucose and fatty acids such as lactic acid, pyruvic acid and acetic acid) have been 
applied to defined medium in order to maintain PCB dechlorinators in previous 
studies (Hartcamp-Commandeur et al., 1996; Wiegel and Wu, 2000).  In all, the 
successful cultivation of six Aroclor 1260 -dechlorination cultures (i.e., CW-4, CG-1, 
CG-3, CG-4, CG-5 and SG-1) without the presence of any sediments or sediment 
substitutes paves the way for future isolation and characterization of PCB 
dechlorinators.     
Thus far, PCB dechlorination pathway has been categorized into eight different 
dechlorination patterns (i.e., Processes M, Q, H’, H, P, N, LP and T) (Brown et al., 
1987; Brown et al., 1990; Wiegel and Wu, 2000; Bedard et al., 2003; Bedard, 2008).  
In the six sediment-free cultures, three distinct PCB dechlorination patterns (e.g., H, 
N and T) were observed based on PCB congener profile changes from dechlorination 
of Aroclor 1260 and the dechlorination products of two individual PCB congeners 
(i.e., 2345-245-CB and 234-245-CB).  Impressively, Process H is the dominant PCB 
dechlorination pattern observed in four of six sediment-free cultures (i.e., cultures 
CW-4, CG-3, CG-4 and SG-1), which implies the wide distribution of PCB 
dechlorination activities by Process H in the environment.  Dechlorination Process H 
removes flanked para- and double flanked meta-chlorines (i.e., 34, 234, 245, 2345), 
which was first observed in situ both in Acushnet Estuary and in some parts of the 
Hudson River (Brown et al., 1990), and subsequently observed in sediment 
microcosms originated from Hudson River sediment (Quensen et al., 1990) and in a 
pure culture of Dehalococcoides sp. CBDB1 (Adrian et al., 2009).  Among the six 
sediment-free cultures, CG-5 showed the most extensive dechlorination of Aroclor 
1260 via dechlorination Process N, showing its great potential for bioremediation 
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applications at PCB contamination sites.  For the last sediment-free culture CG-1, 
PCB dechlorinators mainly attack double flanked meta-chlorines and partially ortho-
chlorines, which represent a novel PCB dechlorination pattern.  So far, microbial 
dechlorination of ortho-chlorines from PCBs has not been categorized into anyone of 
the eight summarized PCB dechlorination processes.  However, ortho dechlorination 
was observed in many cultures spiked with single PCB congeners (Van Dort and 
Bedard, 1991; Berkaw et al., 1996; Cutter et al., 1998).  Similar PCB dechlorination 
pattern were also reported in anaerobic slurries of estuarine sediments amended with 
Aroclor 1260 (Wu et al., 1997b).  
The 16S rRNA gene-based analysis showed that phylogenetically diverse 
bacteria might involve in reductive dechlorination of Aroclor 1260, i.e., Dehalobacter 
species and all three subgroups of Dehalococcoides (i.e., Cornell, Victoria and 
Pinellas).  Both Dehalobacter and Dehalococcoides are obligate dechlorinators and 
can only grow on halogenated compounds.  Therefore, the presence of these obligate 
dechlorinators indicates their key role in PCB dechlorination.  To date, phylogenetic 
information of PCB dechlorinators is still limited.  Early studies suggested that 
bacteria responsible for PCB dechlorination might be methanogens (Ye et al., 1995), 
spore-forming sulfidogenic bacteria (Ye et al., 1999), or nonspore-forming sulfate 
reducers (Zwiernik et al., 1998).  However, none of them have been identified to be 
PCB dechlorinators.  Recently, PCB dechlorinators were identified to be affiliated 
within Chloroflexi phylum, i.e., Dehalococcoides species and o-17/DF-1 like bacteria, 
through culture enrichment and molecular techniques (e.g., DGGE).  Furthermore, the 
previously identified Dehalococcoides species for Aroclor 1260 dechlorination were 
all affiliated to the Pinellas subgroup, e.g., DEH10 in an Aroclor1260-dechlorinating 
microcosm (Fagervold et al., 2007), Dehalococcoides in JN cultures (Bedard et al., 
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2006; Bedard et al., 2007), and Dehalococcoides sp. CBDB1 (Adrian et al., 2009).  In 
this  chapter, we showed the involvement of all three subgroups (i.e., Cornell, Victoria 
and Pinellas) of Dehalococcoides and Dehalobacter species in reductive 
dechlorination of Aroclor 1260, which could greatly broaden our knowledge of the 
phylogenetic diversity of PCB dechlorinators. 
In conclusion, six sediment-free cultures were successfully established for 
reductive dechlorination of Aroclor 1260, which opened the door for following-up 
isolation and characterization of PCB dechlorinators.  Phylogenetic analysis of the 
dechlorinating bacteria also expanded the diversity of known PCB dechlorinators.  
These observations have implications for culturing and enriching PCB dechlorinators 
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6.1  Abstract 
Polychlorinated biphenyls (PCBs) are hazardous environmental pollutants, and 
they frequently coexist with other halogenated compounds at contaminated sites.  
However, information on PCB dechlorinating cultures capable of respiring other 
halogenated compounds is still limited.  Here we describe the development of a 
sediment-free PCB dechlorinating culture, denoted as culture AD14 as it derived from 
anaerobic digestion sludge. Culture AD14 can dechlorinate the commercial PCB 
mixture, Aroclor 1260, mainly by removing flanked para- and doubly flanked meta- 
chlorines, of which the dominant dechlorination pattern matches PCB dechlorination 
Process H.  Culture AD14 can also dehalogenate octa-brominated diphenyl ether 
(octa-BDE) mixture predominantly to tetra-BDEs, 2,4,6-trichlorophenol (2,4,6-TCP) 
to 4-CP, and perchloroethene (PCE)/1,2-dichloroethane (1,2-DCA) completely to 
ethene.  Pyrosequencing analysis shows that only two known dechlorinators, 
Dehalococcoides and Dehalobacter, are present in culture AD14.  To further enrich 
and characterize the putative PCB dechlorinators, four subcultures amended with 
octa-BDE mixture, 2,4,6-TCP, PCE, or 1,2-DCA, were set up by inoculating culture 
AD14.  Molecular analysis based on both the 16S rRNA genes and functional genes 
(e.g., tceA and vcrA) suggested that two Dehalococcoides (i.e., AD14-1 and AD14-2) 
and two Dehalobacter (i.e., AD14-TCP and AD14-PCE) were enriched in subcultures.  
Both Dehalococcoides sp. AD14-1 and AD14-2 share identical 16S rRNA gene 
sequences, but harbor distinct functional gene tceA and vcrA, respectively.  Among 
the four subcultures, only subculture AD14-PCE shows similar PCB dechlorination 
patterns as that of its parent culture AD14 after three months of incubation, which 
contains Dehalococcoides sp. AD14-1, Dehalococcoides sp. AD14-2, and 
Dehalobacter sp. AD14-PCE.  Quantitative real-time PCR analysis shows that both 
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Dehalococcoides and Dehalobacter cells increased from 1.14 × 105 to 7.04 × 106 cell 
ml-1 and from 1.15 × 105 to 8.20 × 106 cell ml-1, respectively, with 41.13 μM of total 
chlorine removal from Aroclor 1260.  The overall average growth of these 
dechlorinators supported by Aroclor 1260 dechlorination was 3.65 × 108 cells per 
μmol of chlorine removed.  Dehalococcoides sp. AD14-1 and AD14-2 were 
successfully isolated through further enrichment with TCE and VC as alternative 
electron acceptors, which can be utilized as a strategy for isolation of other PCB 
dechlorinators.  In this chapter, Dehalobacter bacteria were shown for the first time to 
grow on PCBs, and culture AD14 can be promising for bioremediation applications at 
sites cocontaminated by PCBs and other halogenated compounds.  
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6.2  Introduction       
Polychlorinated biphenyls (PCBs) were massively produced and sold as complex 
mixtures (e.g., Aroclor 1260) for industrial usages (ATSDR, 2000).  Although their 
manufacture has been banned in most contries by the late 1970s, PCBs still remain a 
concern.  They are included among the 12 worldwide priority persistent organic 
pollutants (POPs) (Stockholm Convention on POPs, 1971) and are ranked fifth on the 
U.S. environmental protection agency superfund priority list of hazardous compounds 
(ATSDR, 2005).  PCBs contaminate the sediments of many lakes, rivers, and harbors 
(ATSDR, 2000).  Among them, many were cocontaminated by other multiple 
halogenated organic compounds, e.g., chloroethenes (Salkinoja-Salonen et al., 1995), 
and polybrominated diphenyl ethers (PBDEs) (Hong et al., 2010; Grant et al., 2011), 
which would pose challenges to bioremediation strategies on these polluted sites.   
The microbial dechlorination of highly halogenated PCB congeners is limited 
only in anaerobic condition through microbial reductive dechlorination processes 
(Bedard et al., 2008).  Thus far, many PCB-dechlorinating cultures have been 
established with sediments from different geographic sites, in which the 
dechlorinators are identified to be either Dehalococcoides species (Fennell et al., 
2004; Bedard et al., 2006; Fagervold et al., 2007; Bedard et al., 2008; Adrian et al., 
2009) or phylogenetically related but distinct o-17/DF-1-like Chloroflexi bacteria 
(Cutter et al., 2001; Fagervold et al., 2007; Bedard et al., 2008).  However, only a few 
of them have the capabilities to dehalogenate both PCBs and other halogenated 
compounds.  For example, Dehalococcoides ethenogenes strain 195, best known for 
PCE/TCE dechlorination, has been reported to dehalogenate both PCBs (Fennell et al., 
2004) and octa-BDE mixture (He et al., 2006).  Whereas the dechlorination of PCBs 
by strain 195 was limited to several PCB congeners chlorinated on a single ring (i.e., 
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2,3,4,5,6-CB, 2,3,4,6-CB, and 2,3,5,6-CB) (Fennell et al., 2004).  For Aroclor1260-
dechlorinating cultures, only two showed the capabilities to dehalogenate multiple 
halogenated compounds, i.e., DF-1 bacterium and Dehalococcoides sp. strain CBDB1.  
DF-1 bacterium can dechlorinate weathered Aroclor 1260 through attacking double 
flanked chlorines (May et al., 2008), hexachlorobenzene to 1,3,5-trichlorobenzene 
(Wu et al., 2002), and PCE/TCE to both trans- and cis-DCE (Miller et al., 2005).  
Dehalococcoides sp. strain CBDB1 have broad dechlorination activities on 
chlorinated aromatic compounds, e.g., chlorobenzenes (Adrian et al., 2000), 
chlorinated dioxins (Bunge et al., 2003), and Aroclor 1260 (Adrian et al., 2009).  
However, PCE/TCE dechlorination by strain CBDB1 can only extend to trans- and 
cis-DCEs (Marco-Urrea et al., 2011), and information on PDBE debromination by 
both DF-1 bacterium and strain CBDB1 is not available.   
In this chapter, a sediment-free AD14 culture was developed with the ability to 
extensively dechlorinate Aroclor 1260, of which the microbial community was 
profiled by using pyrosequencing analysis.  Culture AD14 can also dehalogenate 
other diverse halogenated compounds, i.e., PBDEs, PCE, 1,2-DCA and 2,4,6-TCP, 
with which dechlorinators present in culture AD14 have been enriched and 
characterized.  Coupled growth of PCB dechlorinators with chlorine removal was 
quantified by quantitative real-time PCR.  Later, the identified PCB dechlorinators 
were successfully isolated by using alternative halogenated compounds.  Culture 
AD14 provides a promising candidate for cleaning up sites contaminated by PCBs 




6.3  Materials and methods 
6.3.1  Chemicals 
The HiTaq DNA polymerse was purchased from Takara (Japan) for MLST 
analysis.  Unless stated otherwise, other chemicals were purchased from Sigma-
Aldrich at the highest purity available.  All PCBs were purchased from AccuStandard 
(New Haven, CT, USA).  H2 was obtained from a hydrogen generator (NM-H250, 
Schmidlin-DBS AG, Neuheim, Switzerland).  The DNA extraction kits were obtained 
from Qiagen (QIAGEN, GmbH, Germany), and the GoldTaq DNA polymerase and 
related PCR reagents were purchased from Applied Biosystems (Foster City, CA, 
USA). 
 
6.3.2  Microcosm preparation, culture transferring and growth conditions 
The slurry used for preparing PCB dechlorinating microcosms was sampled from 
an anaerobic digester in a wastewater treatment plant of a pesticide factory in Gehua 
(Hubei Province, China), in which concentrations of PCBs, PBDEs, chlorophenols, 
chloroethenes and chloroethanes were below detection limit.  Microcosm setup was 
conducted in anaerobic chamber as described previously (He et al., 2006).  Briefly, 90 
ml of bicarbonate-buffered mineral salts medium (Cole et al., 1994; Löffler et al., 
1997; He et al., 2002) amended with 10 mM of lactate were dispensed into 160 ml 
serum bottles containing 10 ml of the slurry.  The bottles were sealed with black butyl 
rubber septa (Geo-Microbial Technologies, Inc, Ochelata, OK, USA) and secured 
with aluminum crimp caps.  Then, a 60 μl of Aroclor 1260 (AccuStandard, New 
Haven, CT, USA) stock solution (50 mg of total PCBs per ml) in isooctane was 
spiked into the medium to a final concentration of 30 ppm.  The microcosms were 
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incubated in the dark at 30°C.  Sediment-free cultures were obtained by six times of 
transferring supernatant of the microcosm to the same medium (5%, v/v) as described 
(Löffler et al., 1997; He et al., 2002).  Two PCB congeners (i.e., 2345-245-CB and 
234-245-CB) were also studied to determine their dechlorination pathways in the 
sediment-free cultures.  The sediment-free PCB dechlorinating culture was used to 
inoculate (2%, v/v) four subcultures amended with PCE (~0.7 mM), 1,2-DCA (~0.6 
mM), 2,4,6-TCP (~50 µM), and octa-BDE mixture dissolved in trichloroethene (TCE) 
(0.4 ppm), respectively.  After observing dehalogenation activities, further enrichment 
experiments were conducted using the same halogenated compound in the media 
amended with acetate (10 mM)/hydrogen (5×104 Pa or 0.40 mM), a vitamin solution 
consisting of 0.05mg l-1 of vitamin B12, and 2% inocula of respective subcultures.  All 
experiments were set up in triplicates.  Duplicate controls were also set up for each 
experiment.  Isolation and characterization of the twin Dehalococcoides strains were 
conducted with the same approaches as described in Chapter 4.3.2. 
 
6.3.3  Analytical methods 
Headspace samples of chloroethanes, chloroethenes and ethene were injected 
manually with a glass, gas-tight, luer lock syringe (Hamilton Co., Reno, NV, USA) 
into a gas chromatograph (GC) 6890N equipped with a flame ionization detector 
(Agilent, Wilmington, DE, USA) and a GS-GasPro column (30 m x 0.32 mm x 0.25 
μm film thickness; J&W Scientific, Folsom, CA, USA).  PCBs and Chlorophenols 
were extracted with isooctane.  Mixed liquor of 1ml was withdrawn and subjected to a 
liquid-liquid extraction with an equal volume of isooctane in a 4 ml amber vial.  The 
vial was vigorously shaken for 2 h and then centrifuged at 14,000 rpm for 10 min.  
The solvent phase of 0.5 ml was transferred to a 2-ml amber glass vial for GC 
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analysis.  PBDEs were extracted with isooctane as described (Lee et al., 2010).  PCBs 
were measured with the same GC machine but equipped with an electron capture 
detector (GC-ECD) and a DB-5 capillary column (30 m x 0.32 mm x 0.25 μm film 
thickness; J&W Scientific, Folsom, CA, USA).  The temperature program was 
initially held at 170°C for 5 min, increased at 2.5°C min-1 to 260°C, and held for 10 
min.  Injector and detector temperature were 250°C and 300°C, respectively.  
Nitrogen was used as the carrier gas at a flow rate of 1.2 ml min-1.  Sample of 1 μl 
was injected into the GC inlet in a splitless mode.  The elution position of all 209 PCB 
congeners was determined with PCB congener mixes 1 through 9 from AccuStandard.  
The relative elution positions of the PCBs in these mixes were published for DB-5 
column (Chu et al., 2004).  PCBs were quantified by using a customized calibration 
standard prepared from Aroclor 1260 plus the congeners that are known to be 
common dechlorination products as described (Smullen et al., 1993).  Additional 
congeners were quantified from standards prepared from the AccuStandard PCB 
congener mixes.  PBDEs were tested and quantified by gas chromatograph/mass 
spectrometer (GC-MS) with a model GC 6890/MSD 5975 apparatus (Agilent, 
Wilmington, DE, USA) equipped with a Restek Rxi-5ms column (15 m x 0.25 mm x 
0.25 μm film thickness; Restek Corporation, Bellefonte, PA, USA) as described (Lee 
et al., 2010).  The oven temperature was initially set at 110°C, increased at 15°C min-1 
to 310°C, and held for 5 min.  Helium was used as the carrier gas with a column flow 
of 1.2 ml min-1.  Chlorophenols were analyzed on a GC-MS (QP 2010, Shimadzu 
Corporation, Japan) equipped with an HP-5 capillary column (30 m x 0.32 mm x 0.25 
μm film thickness; J&W Scientific, Folsom, CA, USA).  The oven temperature of the 
GC-MS was initially set at 40°C, increased at 15°C min-1 to 200°C, and held for 3 
min.  Helium was used as the carrier gas, with a column flow of 1.92 ml min-1.  
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Chlorophenols were quantified by using customized calibration standards prepared 
from chlorophenols in known amounts. 
 
6.3.4  DNA extraction, PCR, and sequencing 
Total genomic DNA was extracted from 1 ml of cell pellets collected from 
dehalogenating cultures as well as the controls according to the manufacturer’s 
instructions but with minor modifications (Chow et al., 2010).  The concentration of 
the nucleic acid was determined by a Nanodrop-1000 instrument (NanoDrop 
Technologies, Wilmington, DE, USA).  PCR (Eppendorf, Hamburg, Germany) 
amplifications of 16S rRNA gene sequences were conducted under conditions 
described previously (Löffler et al., 1997). PCR products were sequenced and aligned 
as previously described (He et al., 2003).   
 
6.3.5  Pyrosequencing analysis of 16S rRNA genes 
To analysis the taxanomic composition of the sediment-free PCB dechlorinating 
culture, the V9 region of the 16S rRNA gene (from base 1392-1509, E.coli numbering) 
was chosen for PCR amplification with the eubacteria primer set containing a barcode 
sequence (underlined), 1392F (5’-ACAGCTCAGYACACACCGCCCGTC-3’) and 
1492R (5’-GGYTACCTTGTTACGACTT-3’).  Amplified PCR products were 
purified by using QIAquick PCR purification kit (QIAGEN, GmbH, Germany) 
according to the manufacturer’s instructions.  Then the PCR sample was mixed with 
other samples for subsequent pyrosequencing, of which pyrusequencing sequences 
will be differentiated based on barcode sequences of the forward primers.  Illumina 
(Highseq2000, Illumina, San Diego, CA, USA) pyrosequencing services were 
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provided by BGI (Hongkong, China).  A total of 34,724 pair-end pyrotags were 
obtained for the PCB dechlorinating culture, and each sequence has an average read 
length of 75 bp.  Pair-end pyrotags were joined to form longer composite reads by 
using the SHERA software package (Rodrigue S, 2010).  Sequence alignments were 
conducted with each subset pyrotags based on NAST (DeSantis TZ, 2006) with 
minimum length set at 75 bp, and with other settings kept at their default values as 
described (Hong et al., 2010).  After NAST alignment, aligned subsets were merged 
into one Microsoft Excel file, in which sequences were clustered (based on 97% of 
sequence similarity) according to template ID.  Manual adjustments were performed 
to improve the alignment and clustering whenever necessary.  Representative 
sequences for each cluster were identified through Classifier (Wang et al., 2007) and 
BLAST analysis (Altschul et al., 1990), which were further utilized to construct 
phylogenetic tree by using MEGA 4 (Tamura et al., 2007). 
 
6.3.6  DGGE 
PCR products amplified with the GC-clamped primer sets were separated on an 8% 
polyacrylamide gel with a gradient range of 30-60% (100% denaturant consisted of 7 
M urea and 40% deionized formamide) in 0.5 × TAE buffer.  Gradient gels were cast 
with Bio-Rad’s Model 475 gradient delivery system (Bio-Rad, Hercules, CA, USA).  
The electrophoresis was performed for 15 h at a constant electric current of 30 mA 
and a temperature of 60°C with the D-Code Mutation Detection System (Bio-Rad, 
Hercules, CA, USA).  Gel images of SYBR® Gold (Invitrogen, Carlsbad, CA, USA) 
staining DNA were taken by using a Molecular Imager Gel Doc XR System (Bio-Rad, 
Hercules, CA, USA).  Bands of interest were excised and DNA fragments were 
extracted by using the QIAEX II Gel Extraction Kit (QIAGEN, GmbH, Germany).  
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The captured DNAs were then PCR re-amplified, and re-analyzed by DGGE to 
confirm that single bands were obtained before sending the PCR re-amplified 
products for sequencing.  2S-DGGE was performed as described in chapter 4. 
6.3.7  qPCR 
A TaqMan® quantitative real-time PCR (qPCR) (ABI 7500 Fast real-time PCR 
system; ABI, Foster City, CA, USA) assay was performed in triplicates for PCB 
dechlorinating cultures by using Bacteria and Dehalococcoides 16S rRNA gene-
targeted and tceA/vcrA gene-targeted primers/probes, respectively, as described 
previously (He et al., 2003; Chow et al., 2010).  Dehalobacter species in these 
cultures was quantified by using SYBR® green assays and Dehalobacter 16S rRNA 
gene-targeted primers as described in chapter 4.  The primer and probe sequences 
used in this chapter were shown in Table 6.1.  A calibration curve was obtained by 
using 10-fold serial dilutions of known plasmid DNA concentrations.  The standard 
curves spanned a range of 102 to 108 gene copies per µl of template DNA.  Nuclease-













Table 6.1. Primers and probes used in this chapter 
Primer Target Orientation Sequence (5’ to 3’) Reference or source 
8F Bacteria 16S rRNA genes Forward AGAGTTTGATCCTGGCTCAG Reysenbach et al, 1994 
1392R Bacteria 16S rRNA genes Reverse ACGGGCGGTGTGTAC Lane, 1991 
BacF1 Bacteria 16S rRNA genes Forward TCCTACGGGAGGCAGCAG Holmes et al., 2006 
BacR1 Bacteria 16S rRNA genes Reverse GGACTACCAGGGTATCTAATCCTGTT 
Holmes et 
al., 2006 
BacR2 Bacteria 16S rRNA genes Reverse GGACTACCAGAGTATCTAATTCTGTT 
Holmes et 
al., 2006 











DhcR Dehalococcoides 16S rRNA gene Reverse CCGGTTAAGCCGGGAAATT 
Holmes et 
al., 2006 






tceAF tceA gene Forward ATCCAGATTATGACCCTGGTGAA
Johnson et 
al., 2005
tceAR tceA gene Reverse GCGGCATATATTAGGGCATCTT 
Johnson et 
al., 2005 






vcrAF vcrA gene Forward CTCGGCTACCGAACGGATT Holmes et al., 2006 
vcrAR vcrA gene Forward GGGCAGGAGGATTGACACAT
Holmes et 
al., 2006











Dre645R Dehalobacter 16S rRNA gene Reverse 
CCTCTCCTGTCCTCAAGCCA
TA 
Smits et al., 
2004 















6.4  Results 
6.4.1  Reductive dechlorination of Aroclor 1260 
A sediment-free culture, denoted as AD14, was obtained after six times of serial 
transfers (5% inocula, v/v) in the defined medium amended with Aroclor 1260 (30 
ppm) and lactate (10 mM).  Figure 6.1 showed the PCB congener distribution in 
controls (without inocula) and in cultures AD14 after 120 days of incubation.  The 
abiotic controls showed no obvious difference from original Aroclor 1260.  In culture 
AD14, major hexa- through octa-CB congeners of Aroclor 1260 were substantially 
dechlorinated to lower halogenated PCB congeners, of which the prominent 
dechlorination products were penta- (i.e., 245-25-CB, 245-24-CB, 235-24-CB, and 
236-24-CB) and tetra-CB congeners (i.e., 25-25-CB, 24-25-CB, and 24-24-CB).  Four 
dominant hepta-CB congeners, accounting for 59.61 mol% of total hepta-CB 
congeners, experienced more than 50% decreases, i.e., 2345-245-CB (a 65.61% 
decrease), 2345-236-CB (55.66%), 2345-234-CB (66.06%), and 2346-245-CB 
(66.55%).  Two most abundant hexa-CB congeners in Aroclor 1260, 245-245-CB and 
234-245-CB, were dramatically reduced from 11.94 mol% to 5.10 mol% (a 57.29% 
decrease), and from 8.90 mol% to 4.24 mol% (a 52.36% decrease), respectively.  
However, several other hexa-CB congeners (e.g., 235-245-CB and 235-236-CB) were 
produced as intermediates from reductive dechlorination of higher chlorinated PCB 
congeners.  Thus, the overall hexa-CB congeners, accounting for half of total PCBs in 




Figure 6.1. Changes in PCB congener distribution of Aroclor 1260 as a result of 
dechlorination in obtained sediment-free culture AD14.  The data shown for culture 
AD14 were the averages for the three cultures after 120 days of incubation. Abiotic 
controls showed no changes from Aroclor 1260. The congeners with obvious changes 
were indicated, and congeners marked with asterisks were products from reductive 
dechlorination of higher chlorinated congeners. 
 
Table 6.2. Effect of culture AD14 on PCB homolog distribution after 120 days of 
incubation 
PCB homolog a 
Mole Percent of Total PCBs 
% Decrease 
Aroclor1260 b Dechlorinated Aroclor 1260 c SD 
Tri-CB 0.07 0.10 0.03
Tetra-CB 0.21 4.72 0.26
Penta-CB 9.63 30.35 2.47
Hexa-CB 47.75 38.23 1.34 19.94 
Hepta-CB 36.26 21.86 1.63 39.71 
Octa-CB 5.51 4.18 0.09 24.14 
Nona-CB 0.57 0.56 0.01
a No mono-, or dichlorobiphenyls were detected. 
b Data are the means for two uninculated controls. 
c Data are the means for the three cultures AD14 that showed extensive dechlorination of Aroclor 1260.  
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Based on appearance/disappearance of PCB congeners and their mass balance 
together with dechlorination of two PCB congeners (i.e., 2345-245-CB and 234-245-
CB), dechlorination pathways were inferred for the dominant reductive dechlorination 
activities occurred in culture AD14 (Figure 6.2).  Dechlorinators in culture AD14 
primarily attacked flanked para chlorines from 2,3,4,5- and 2,4,5-chlorophenyl rings, 
and doubly flanked meta chlorines from 2,3,4,5- and 2,3,4-chlorophenyl rings.  The 
dechlorination pattern mainly matches PCB Dechlorination Process H, which was 
firstly observed in situ both in the Acushnet Estuary (New Bedford, MA) and in parts 
of Hudson River (New York) (Brown et al., 1990).  Significant decreases were also 
observed for doubly flanked para chlorines from 2,3,4,5,6-chlorophenyl rings and 
flanked meta chlorines from 2,3,5- and 2,4,5-chlorophenyl rings, which were 
preferred attacking positions of Dechlorination Process P and Process N (Bedard et al.. 
2003), respectively.  Collectively, the substrate preference for chlorophenyl rings 




Figure 6.2. Inferred dechlorination pathways and products for most congeners dechlorinated by culture AD14 after four months of incubation. 





Figure 6.2 (continued). Inferred dechlorination pathways and products for most congeners dechlorinated by culture AD14 after four months of 
incubation. The dechlorination pathways for 2345-245-CB and 234-245-CB were confirmed by studying the dechlorination of individual 
congeners in cultures AD14. 
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6.4.2  Microbial community structure in culture AD14 
To get a clear insight into microorganisms involved in reductive dechlorination of 
Aroclor 1260 in culture AD14, the whole microbial community structure was profiled 
based on obtained 34,724 pair-end pyrosequencing sequences of 16S rRNA genes 
(Figure 6.3).  After 120 days of incubation, six genera of archaea and fifteen genera of 
bacteria were predominantly existed in the enrichment culture (≥0.5% in abundance 
for each genus).  Among them, the high ratio of 16S rRNA gene sequences (45.92% 
of total 16S rRNA gene sequences) of methanogens (e.g., Methanosarcina, 
Methanoculleus and Methanosaeta) corresponded to the abundant methane production 
(data not shown) in culture AD14.  Two known dechlorinators were identified to be 
present in the sediment-free PCB dechlorinating culture, i.e., Dehalococcoides (2.12% 
of total 16S rRNA gene sequences) and Dehalobacter (2.16% of total 16S rRNA gene 
sequences).  Pyrosequencing data ruled out the possibility that other known 
reductively dechlorinating bacteria (e.g., o-17/DF-1-type Chlorochlexi, 
Desulfitobacterium, Geobacter, Sulfurospirillum, and Anaeromyxobacter) may 
involve in dechlorination of Aroclor 1260 in culture AD14.  Interestingly, bacteria of 
two newly discovered bacterial divisions, Acidobacterium (0.74% of total 16S rRNA 
gene sequences) and Candidatus Cloacamonas (2.56% of total 16S rRNA gene 
sequences), were also present in culture AD14, which were distantly related with 
other bacteria as shown in Figure 6.3.  The rest mainly belonged to phyla of 










Figure 6.3. Phylogenetic compositions represented by pyrosequencing sequences of 
16S rRNA genes from culture AD14 after 120 days of incubation. The percentage of 
bacteria/archaea from each genus was calculated, and only the genera with ≥0.5% in 
abundance were shown here.  Known dechlorinators present in this enrichment culture 






6.4.3  Reductive dehalogenation of other halogenated organic compounds 
To check whether other industrial/agricultural heavily used halogenated organic 
compounds can be dehalogenated by culture AD14, four subcultures inoculated with 
culture AD14 were set up with octa-BDE mixture (subculture AD14-PBDE), PCE 
(subculture AD14-PCE), 1,2-DCA (subculture AD14-DCA), and 2,4,6-TCP 
(subculture AD14-TCP), respectively.  After incubating subculture AD14-PBDE for 
75 days, the prominent debromination products of octa-BDE mixture (containing 
27.12 nM nona-BDE, 124.01 nM octa-BDEs, 490.07 nM hepta-BDE, and 27.81 nM 
hexa-BDE) were tetra-BDEs (167.74 nM) (Figure 6.4A), and the TCE for dissolving 
octa-BDE mixture was completely converted into ethene (data not shown).  Both in 
subcultures AD14-PCE and AD14-DCA, 675.4 uM PCE (Figure 6.4B) and 655.4 uM 
1,2-DCA (Figure 6.4C) were completely dechlorinated to non-toxic ethene after 50 
days and 35 days of incubation, respectively.  Interestingly, vinyl chloride (VC), the 
most toxic one among all chloroethenes, was not accumulated in subculture AD14-
PCE, i.e., PCE was prominently dechlorinated to cis-DCE in the first 30 days, and 
further dechlorinated to ethene via VC in following 20 days of incubation (Figure 
6.4B).  Subculture AD14-TCP can completely dechlorinate 2,4,6-TCP to 4-CP via 
2,4-DCP within 10 days through removing ortho-chlorines (Figure 6.4D), but no 













Figure 6.4. Dehalogenation of (A) octa-BDE mixture, (B) PCE, (C) 1,2-DCA, and (D) 2,4,6-TCP by AD14 subcultures. 
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6.4.4  Enrichment and characterization of dechlorinators 
To enrich PCB dechlorinators present in culture AD14 by using alternative 
substrates (i.e., octa-BDE mixture, PCE, 1,2-DCA and 2,4,6-TCP), subcultures were 
further enriched in defined medium amended with acetate as sole carbon source.  
After many serial transfers (11 times for subcultures AD14-PBDE, AD14-PCE and 
AD14-DCA, and 25 times for subculture AD14-TCP), highly enriched subcultures 
together with their controls without halogenated compound amendment were obtained 
to extract their genomic DNA for subsequent DGGE analysis (Figure 6.5).  Known 
dechlorinators enriched from these four subcultures were Dehalococcoides (present in 
subcultures AD14-PBDE, AD14-DCA and AD14-PCE) and Dehalobacter 
(Dehalobacter sp. AD14-TCP from subculture AD14-TCP, and Dehalobacter sp. 
AD14-PCE from subculture AD14-PCE) bacteria, which was consistent with the 
pyrosequencing result of culture AD14.  Surprisingly, all Dehalococcoides species 
present in subcultures AD14-PBDE, AD14-DCA and AD14-PCE shared the same 
16S rRNA gene sequence over 520 bp (base 8-529, E. coli numbering), which was 
further confirmed by DGGE analysis with Dehalococcoides genus-specific 1FGC and 
259R primer set (Figure 6.6).  The nearly full-length 16S rRNA gene sequences of 
these dechlorinators were obtained by using 2S-DGGE method (Wang and He, 2011).  
As shown in Figure 6.7, Dehalobacter sp. AD14-TCP identified in subculture AD14-
TCP shared the highest 16S rRNA gene sequence identity (99% over 1421 bp) with 
Dehalobacter clone FTH2 (AB294743) from a 4,5,6,7-tetrachlorophthalide 
dechlorinating culture (Yoshida et al., 2009).  The closest relative of Dehalobacter sp. 
AD14-PCE enriched from subculture AD14-PCE was Dehalobacter sp. WL 
(DQ250129) by sharing 99% sequence identity over 1423 bp.  Dehalococcoides 
species enriched in subcultures AD14-PBDE, AD14-PCE and AD14-DCA share 
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identical 16S rRNA gene sequence over 1353 bp, which have only 1 bp difference 
with that of their closest relative, Dehalococcoides sp. VS (CP001827) (Figure 6.7).  
To further characterize the Dehalococcoides species, PCR amplification with primers 
specifically targeting known functional genes (i.e., pceA, tceA, cbrA, vcrA, bvcA, 
and mbrA) was conducted, demonstrating that only tceA and vcrA genes were present 
in these Dehalococcoides-containing subcultures (data not shown).  Dehalococcoides 
sp. AD14-1 possessing the tceA gene existed in all Dehalococcoides-containing 
subcultures, and Dehalococcoides sp. AD14-2 possessing the vcrA gene was only 
present in subcultures AD14-PBDE and AD14-PCE. 
 
Figure 6.5. Analysis of amplified 16S rRNA gene sequences from highly-enriched 
subcultures and their controls (without halogenated compound amendment) by DGGE 
with 8FGC and 518R primer set. Bands possibly correlated with dehalogenation 
activities were excised out for DNA extraction and subsequent sequencing. Obtained 
sequences were blasted to get their phylogenetic identification as shown on the left 
(known dechlorinators were marked with bold font). 
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Figure 6.6. Analysis of amplified 16S rRNA gene sequences from highly-enriched 
subcultures by DGGE with Dehalococcoides-specific 1FGC and 259R primer set 





Figure 6.7. Phylogenetic tree of bacteria 16S rRNA genes from enriched subcultures 
(Dechlorinators and other non-dechlorinating bacteria were labeled with closed and 
open circles, respectively) and their closest relatives.  Phylogenetic analyse was 
conducted with MEGA4 (Tamura et al., 2007). 
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6.4.5  Quantification of PCB dechlorinators 
To check whether dechlorinators enriched in these four subcultures still 
maintained PCB-dechlorination capabilities, Aroclor 1260 was amended to media 
inoculated with subcultures growing with octa-BDE mixture, PCE, 1,2-DCA, or 
2,4,6-TCP.  After 90 days of incubation, only subculture AD14-PCE showed 
extensive dechlorination activity of Aroclor 1260, in which dechlorination products 
were the same with those formed in its parent culture AD14.  Therefore, subculture 
AD14-PCE was utilized to set up cultures amended with Aroclor 1260, together with 
control bottles without Aroclor 1260 amendment, to quantitatively analyze the growth 
of dechlorinators coupled with PCB dechlorination.  As shown in Figure 6.8, both 
Dehalococcoides and Dehalobacter bacteria coupled their growth with reductive 
dechlorination of Aroclor 1260.  Compared with its parent culture AD14 amended 
with lactate or subculture AD14-PCE pregrown with PCE, PCB dechlorination had 
much longer lag phase (i.e., 90 days) in subculture AD14-PCE amended with acetate 
as carbon source and Aroclor 1260 as sole electron acceptor.  Following a decrease of 
average chlorine number per biphenyl from 6.38 to 5.87 (or 41.13 μM of total 
chlorine decrease) after 210 days of incubation, 16S rRNA gene copy numbers of 
Dehalococcoides and Dehalobacter increased from 1.14 × 105 to 7.04 × 106 copies 
ml-1, and from 1.15 × 105 to 8.20 × 106 copies ml-1, respectively (Figure 6.8A).  
Correspondingly, tceA and vcrA gene copy numbers increased from 5.40 × 104 to 
2.73 × 106, and from 5.82 × 104 to 3.23 × 106, respectively, of which total gene copies 
were roughly equal to 16S rRNA gene copy numbers of Dehalococcoides.  No growth 
of dechlorinators was observed in control bottles without Aroclor 1260 amendment.  
The overall dechlorinator growth (i.e., Dehalococcoides and Dehalobacter) supported 
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by Aroclor 1260 dechlorination was 3.65 × 108 cells per μmol of chlorine removed 









Figure 6.8.  (A) increase in 16S rRNA gene copies as quantified by qPCR during 
reductive dechlorination of Aroclor 1260; (B) decrease in average chlorine number 
per biphenyl in subculture AD14-PCE. 
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6.4.6  Isolation of twin Dehalococcoides strains 
To isolate the tceA- and vcrA-possessing Dehalococcoides species from 
subculture AD14-PCE, TCE and VC were utilized as sole electron acceptors to isolate 
Dehalococcoides sp. AD14-1 and AD14-2, respectively, through dilution-to-
extinctions. Strain AD14-2 might coexist with strain AD14-1 in TCE-fed cultures, 
since both can dechlorinate cis-DCE to VC. To control the growth of strain AD14-2 
in TCE-fed cultures, TCE dechlorination activities were transferred to next serial 
dilution bottles when observing 50% TCE dechlorination. In following dilution series, 
TCE and VC dechlorination activities can be repeatedly observed in 10-7 TCE-fed and 
10-6 VC-fed dilution vials, respectively. After 8 serial dilutions, single morphology of 
coccoid-shape bacteria through microscope observation suggested that only 
Dehalococcoides species existed in these two dilution series (Figure 6.9), which was 
further confirmed by DGGE analysis by using universal bacterial primer set, 8FGC 
and 518R (Figure 6.10). 
Figure 6.9. Morphology of (A) Dehalococcoides sp. strain AD14-1 and (B) strain 
AD14-2 isolates as observed with fluorescent microscope. Cells were stained with 






Figure 6.10. DGGE analysis of amplified 16S rRNA gene sequences from 
Dehalococcoides sp. AD14-1 (lane 1, TCE-fed cultures) and AD14-2 (lane 2, VC-fed 
cultures) isolates with 8FGC and 518R primers.  
 
PCR analysis with functional gene-specific primers ruled out the existence of 
vcrA-possessing Dehalococcoides sp. AD14-2 in TCE-fed dilution series (lane 6 in 
Figure 6.11), which demonstrated the successful separation of strain AD14-1 from 
strain AD14-2. The absence of tceA gene in VC-fed cultures suggested that strain 
AD14-1 had been diluted out from strain AD14-2-containing dilution series (lane 3 in 
Figure 6.11). Therefore, the microscope, DGGE, and functional-gene-specific PCR 
amplification data suggested the purity of both culture AD14-1 and AD14-2. 
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Figure 6.11. PCR amplification with functional gene-specific primers. Lane 1, 
positive control for tceA gene; lane 2, tceA gene in TCE-fed Dehalococcoides sp. 
AD14-1; lane 3, tceA gene in VC-fed Dehalococcoides sp. AD14-2; lane 4, negative 
control for tceA gene; lane 5, positive control for vcrA gene; lane 6, vcrA gene in 
TCE-fed Dehalococcoides sp. AD14-1; lane 7, vcrA gene in VC-fed Dehalococcoides 
sp. AD14-2; lane 8, negative control for vcrA gene.  
 
Based on the fact that common RDase genes (e.g., pceA, tceA, vcrA and bvcA) 
are single copy genes in the Dehalococcoides genome (Seshadri et al., 2005; Kube et 
al., 2005; Sung et al., 2006b; McMurdie et al., 2009), RDase genes together with 16S 
rRNA genes can be monitored by qPCR to confirm the culture purity, which has been 
perfectly demonstrated in isolation of Dehalococcoides sp. GT. To further corroborate 
the culture purity, qPCR analysis using Eubacteria and Dehalococcoides 16S rRNA 
gene- and RDase (i.e. vcrA and tceA) gene-targeted primers was performed in this 
study (Figure 6.12). The total bacteria cell numbers in TCE- or VC-fed dilution series 
almost equalled to the total Dehalococcoides cell numbers and tceA/vcrA gene copies, 




Figure 6.12. Isolation of strain AD14-1 and AD14-2, indicated with 16S rRNA gene- 
and functional gene-targeted qPCR. Eub, Eubacteria; Dhc, Dehalococcoides.  
 
Kinetic studies showed that strain AD14-1 can dechlorinate TCE (80.30 േ 3.28 
umol/bottle) to VC (46.36 േ 1.33 umol/bottle) and ethene (32.83 േ 0.73 umol/bottle) 
within 30 days (Figure 6.13A), and strain AD14-2 dechlorinate VC completely to 
ethene after 20 day’s incubation (Figure 6.13B). Strain AD14-1 and AD14-2 have 
distinct substration range, as summarized in Table 6.3. Among the potential electron 
acceptors tested, PCE, 1,2-DCA, octa-BDE mixture and Aroclor 1260 can be 
dehalogenated to lower halogenated compounds by strain AD14-1, and DCEs, 1,2-
DCA and 2,4,6-TCP can be converted by strain AD14-2. Similar with other 
Dehalococcoides isolates, no dechlorination activity was observed in cultures lacking 





Figure 6.13. Dechlorination of (A) TCE by strain AD14-1, and (B) VC by strain 
AD14-2. 
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Table 6.3. Summary of halogenated compound utility profile by Dehalococcoides sp. 
strain AD14-1 and AD14-2 
Isolates Halogenated compounds reduced End-products 
Dehalococcoides sp. strain AD14-1 
PCE/TCE VC and ethene 
1,2-DCA ethene 
2,4,6-TCP No activitya 
octa-BDE mixture hexa-BDEs 
Aroclor 1260b penta-CBs 
Dehalococcoides sp. strain AD14-2 




octa-BDE mixture penta- and tetra-BDEs 
Aroclor 1260b No activitya 
a the activities were assessed after 6 months of incubation.  
b PCB dechlorination activity was assessed after 12 months of incubation.  Aroclor 1260 dechlorination activity 
was conducted in defined medium inoculated with AD14-control culture which was obtained by transferring 



















6.5  Discussion and conclusion 
In this study, we successfully established a sediment-free culture, or culture 
AD14, for extensive dehalogenation of Aroclor 1260 and other diverse halogenated 
compounds (i.e., PCE/TCE, 1,2-DCA, 2,4,6-TCP and octa-BDE mixture).  Compared 
with current existing cultures capable of dechlorinating Aroclor 1260 (e.g., DF-1, 
CBDB1 and JN cultures), culture AD14 can extensively dehalogenate wide range of 
halogenated compounds which are common contaminants in groundwater/sediments.  
For example, culture AD14 can dehalogenate both PCE/TCE and 1,2-DCA 
completely to the nontoxic ethene, and octa-BDE mixture predominantly to tetra-
BDEs.  In contrast, the PCE/TCE dechlorination by DF-1 bacterium and 
Dehalococcoides sp. CBDB1 can only extend to cis- and trans-DCEs (Miller et al., 
2005; Marco-Urrea et al., 2011).  Though PBDEs were commonly detected as 
cocontaminants at PCB contaminated sites (Salkinoja-Salonen et al., 1995; Hong et 
al., 2010; Fu et al., 2011; Grant et al., 2011), no culture has been reported to 
dehalogenate both PCB mixtures and PBDEs.  Therefore, culture AD14 can be 
especially useful for cleaning up sites cocontaminated by PCB mixtures and other 
multiple halogenated compounds (e.g., PBDEs and chloroethenes).                
In culture AD14, both Dehalococcoides and Dehalobacter bacteria coupled their 
growth with PCB dechlorination, which was the first documentation that 
Dehalobacter species can dechlorinate PCBs.  Early studies suggested that bacteria 
responsible for PCB reductive dechlorination might be methanogens (Ye et al., 1995), 
spore-forming sulfidogenic bacteria (Ye et al., 1999), or nonspore-forming sulfate 
reducers (Zwiernik et al., 1998).  However, none of them have been identified to be 
PCB dechlorinators.  Only recently several PCB dechlorinators were identified in 
enriched PCB dechlorinating cultures and were all placed within Chloroflexi phylum, 
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i.e., Dehalococcoides species and o-17/DF-1 like bacteria (Cutter et al., 2001; Wu et 
al., 2002; Fagervold et al., 2007; Bedard et al., 2007).  The taxanomic identification 
of these PCB dechlorinators were normally conducted by using DGGE (Cutter et al., 
2001; Wu et al., 2002; Fagervold et al., 2007) or PCR amplification with genus-
specific primers (Bedard et al., 2007).  For example, the presence of bacterium DF-1 
in cultures was shown to be dependent on PCB dechlorination activities based on 
DGGE analysis (Wu et al., 2002).  In another study, PCB dechlorinators in sediment-
free JN cultures were identified to be Dehalococcoides species, and involvements of 
other known dechlorinators were ruled out through genus-specific PCR analysis 
(Bedard et al., 2007).  Compared with DGGE analysis, genus-specific PCR 
amplification is a faster and more sensitive way to identify PCB dechlorinators, 
especially when those bacteria exist in dechlorinating culture as minor populations.  
However, this method may cause underestimation of the role of certain dechlorinators 
due to primer mismatch or limited coverage, e.g., the widely used Dehalobacter 
genus-specific primers, Deb179F and Deb1007R (Holliger et al., 1998), cannot cover 
the Dehalobacter species (i.e., Dehalobacter sp. AD14-TCP and Dehalobacter sp. 
AD14-PCE) identified in culture AD14 (Figure 6.9).  The study results here suggested 
that the PCB dechlorinators can be reliably identified through combind analysis of 
pyrosequencing, 2S-DGGE and qPCR.   
166 
 
Figure 6.14. Coverage of Dehalobacter genus-specific primer set, Deb179F and Deb1007R (Holliger et al., 1998), of which matched texts were 
highlighted with yellow color and mismatched positions were marked with red font.
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Profiling the microbial community and identifying the PCB dechlorinators in 
culture AD14 were achieved by pyrosequencing analysis based on high throughput 
next-generation sequencing (NGS) technologies.  Compared with low/medium 
throughput classical fingerprinting methods (e.g., DGGE and T-RFLP), NGS 
platforms are powerful tools to characterize minor populations which may play key 
roles in their habitats (Lozupone, 2008).  Based on relative abundance of sequenced 
16S pyrotags (Figure 6.3), PCB dechlorinators present in culture AD14 were 
identified to be Dehalococcoides and Dehalobacter accounting for 2.12% and 2.16% 
of total 16S pyrotags, respectively, which possibly cannot be captured by the 
low/medium throughput genotyping methods (e.g., clone library and DGGE).  
Advantages of pyrosequencing analysis over PCR amplification with genus-specific 
primers include that identification of PCB dechlorinators would not be affected and 
limited by the primer specificity and coverage, e.g., the taxonomic identification of 
two Dehalobacter species from culture AD14.  However, applications of high 
throughput platforms were still limited due to their relatively short read-lengths (e.g., 
average 330 bp for 454 GS-FLX system, 75/100 bp for Illumina Solexa system, and 
50 bp for SOLiD system) (Metzker, 2010).  To overcome this limitation, 2S-DGGE 
was utilized to obtain full length 16S rRNA gene sequences of dechlorinators present 
in culture AD14 without referring clone libraries for each dechlorinator.  Therefore, 
combination of pyrosequencing analysis and 2S-DGGE could help to get both 
accurate microbial community profiles of studied samples and phylogenetic 
identification of interested populations inside them. 
Isolation of PCB dechlorinators directly from Aroclor 1260-dechlorinating 
cultures has never been reported, which possibly due to their long lag phase for 
bacterial growth and low growth rates on PCB mixtures (Wiegel and Wu, 2000).  In 
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this chapter, two PCB dechlorinators (i.e., Dehalococcoides sp. strain AD14-1 and 
AD14-2) were successfully isolated with TCE and VC as sole electron acceptors, 
which exhibited an effective way to isolate PCB dechlorinators from environmental 
sources.  Previous studies have shown that single dechlorinating bacteria can possess 
multiple RDase genes in single genomes (Seshadri et al., 2005; Kube et al., 2005), 
and the same isolate may have distinct dechlorination rates on different substrates 
(Cheng and He, 2009).  Therefore, those results theoretically proved the feasibility to 
utilize alternative halogenated compounds to isolate PCB dechlorinators.  However, 
the isolated Dehalococcoides sp. AD14-1 and AD14-2 did not show Aroclor1260 
dechlorination activities in defined medium amended with acetate and H2 after 6 
month incubation, which migth be due to the complex nutrient requirements of PCB 
dechlorinators.  The PCB dechlorination activity was only observed in a 
Dehalococcoides sp. AD14-1-containing culture which was amended with lactate and 
inoculated with non-PCB dechlorinating bacteria from culture AD14 controls 
(without Aroclor 1260 amendment for at least two transfers).  Similar phenomenon 
was observed in DF-1 pure culture, of which PCB dechlorination activities depend on 
the presence of cocultured Desulfovibrio species or its cell extract (May et al., 2008).  
However, how to exactly activate and maintain PCB dechlorination activities of these 
two isolates warrant future studies. 
In conclusion, we developed a sediment-free culture AD14 capable of 
dehalogenating Aroclor 1260 and other diverse halogenated compounds (i.e., octa-
BDE mixture, PCE, 1,2-DCA, and 2,4,6-TCP), which would be promising for 
bioremediation applications at contamination sites polluted by multiple halogenated 
compounds. A strategy using alternative halogenated compounds was also shown to 
be an effective way to isolate PCB dechlorinators.  Dehalobacter species was 
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identified for the first time to couple their growth with PCB dechlorination in this 
chapter, of which the role in PCB dechlorinating cultures might be underestimated in 

















































7.1  Conclusion 
Sediment-free and pure cultures capable of reductively dechlorinating PCB 
mixtures are imperative for characterizing PCB dechlorinators and further application 
in in situ bioremediation.  Thus far, the information is still limited.  As such, there is a 
need to develop sediment-free PCB dechlorinating cultures, and to enrich and isolate 
pure PCB dechlorinators.  To address these issues, this doctoral study focused on 
three parts: 1) developing new genotyping approaches to facilitate microbial 
community analysis and bacterial identification, 2) screening PCB dechlorination 
activities in a large number of samples and establishing sediment-free PCB 
dechlorinating cultures, and 3) isolating PCB dechlorinators.  The key conclusions 
made in this study are listed below. 
(1) A high resolution method - T-RFs-2D - was developed to separate GC-
clamped T-RFs on 2D gels based on two independent criteria, i.e. T-RF size 
and its sequence composition, which demonstrated improved performance in 
characterizing complex microbial communities compared to T-RFLP and 
DGGE. 
(2) In T-RFs-2D analysis, distinct T-RFs with identifical sizes can be further 
resolved on the second dimension based on their sequence composition, which 
can be utilize to acquire sequence information of T-RFs with specific sizes in 
T-RFLP analysis.  
(3) A new strategy - 2S-DGGE - was employed to obtain full-length 16S rRNA 
gene sequences for taxonomic identification, which demonstrated advantages 
over clone library in characterization of minor populations, sample throughput 
and community comparison.  
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(4) For the first time, six sediment-free Aroclor 1260 dechlorinating cultures were 
established in defined medium without amending any sediments/sediment-
substitutes, which dechlorinated PCBs in various dechlorination patterns (e.g., 
PCB dechlorination Process T, H and N).  
(5) Dehalobacter and all three subgroups of Dehalococcoides were identified to 
be involved in reductive dechlorination of Aroclor 1260.  Because of 
possessing phylogenetically diverse PCB dechlorinators with various PCB 
dechlorination patterns, these cultures are promising for future PCB 
bioremediation applications. 
(6) Sediment-free culture AD14 was developed to extensively dechlorinate 
diverse halogenated compounds (i.e., Aroclor 1260, octa-BDE mixture, 2,4,6-
TCP, PCE, and 1,2-DCA), which can be very useful for cleaning up sites co-
contaminated by PCB mixtures and other halogenated compounds.  
(7) In enrichment culture AD14, the dehalogenators were identified to be 
Dehalobacter and Dehalococcoides, both of which can couple their growth 
with PCB dechlorination.  This is the first documentation that Dehalobacter 
bacteria can grow on PCBs. 
(8) PCB dechlorinators could be enriched in AD14-PCE sub-culture by using PCE 
as an alternative electron acceptor, which still maintain PCB dechlorination 
activities as in culture AD14. Further culture enrichment and serial dilution-to-
extinctions generated two Dehalococcoides isolates, strain AD14-1 and 
AD14-2.  As shown in Figure 7.1, this doctoral study successfully 
demonstrated a strategy to isolate PCB dechlorinators. 
In summary, sediment-free Aroclor 1260 dechlorinating cultures and their PCB 
dechlorination patterns together with their PCB dechlorinators have been established, 
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evaluated and identified.  Among them, a culture capable of extensively 
dehalogenating diverse halogenated compounds has been used for subsequent 
isolation of PCB dechlorinators.  Additionally, two new approaches with higher 
resolution and conveniences have been developed to complement current existing 







Figure 7.1. A proposed schematic that utilizes newly developed approaches complementary to current existing molecular tools to isolate PCB 

































7.2  Recommendations 
7.2.1  Identification of PCB dechlorinators 
Certain PCB dechlorinators have been identified in PCB dechlorinating 
microcosms by using genus-specific primers targeting known dechlorinators (e.g., 
Dehalococcoides and Dehalobacter). However, there might be some novel PCB 
dechlorinators affliated in other phylogenetic groups present in these cultures as tiny 
minorities. To have an overall picture of microbial community structures and to 
identify all the putative dechlorinators, pyrosequencing analysis using high through-
put NGS platforms need to be performed in future studies. 
 
7.2.2  Investigating growth conditions on PCB dechlorinating microbial 
communities 
Previous studies have demonstrated that some bacteria (e.g., methangens and 
Desulfovibrio) may help PCB dechlorinators in providing nutrients (Wiegel et al., 
2000; May et al., 2009). Also, it has been reported that many PCB dechlorinating 
cultures require the presence of sediment to maintain their PCB dechlorination 
activities (Wiegel et al., 2000; Bedard, 2008). In this doctoral study, methanogen-
inhibitor BES and sediments have been observed to inhibit PCB dechlorination 
activities in obtained cultures, which might be due to changing microbial communities. 
To gain insights into their relationships for better culturing PCB dechlorinators, 
microbial community dynamics in screened cultures under different conditions 




7.2.3  Exploring biomarkers to assess PCB dechlorination activities 
RDases for catalyzing PCB dechlorination have not been identified due to 
limitiations in obtaining highly enriched PCB dechlorinating cultures or isolated PCB 
dechlorinators. In chapter 5, several sediment-free Aroclor 1260 dechlorinating 
cultures have been established, and most of them can dechlorinate PCE to DCEs. 
Further enrichment and isolation of PCB dechlorinators using PCE as an electron 
acceptor have been conducted on these cultures, of which PCB dechlorination 
capabilities still maintained. Therefore, future study can utilize these enriched/isolated 
cultures to explore PCB dechlorinating RDase genes through global transcriptomic 
and proteomic analysis.  
 
7.2.4  Method development 
The PCB dechlorinators are fastidious to their growth medium, sensitive to 
oxygen explosure and low in biomass production, which pose a challenge to current 
existing molecular tools in studying microbial reductive dechlorination of PCBs. New 
methods and strategies (e.g., strategies to identify functional genes with less biomass) 
need to be developed and employed to overcome these obstacles in the future study. 
 
7.2.5  Isolation and characterization of PCB dechlorinators 
As shown in Figure 7.1, PCB dechlorinators can be isolated by using alternative 
halogenated compounds rather than Aroclor 1260. After obtaining pure cultures, their 
PCB dechlorination patterns might be different from the patterns observed in their 
original mixed cultures. With these pure cultures, comparative genomics of PCB 
dechlorinators can be analyzed by using microarrays to get insights into their gene 
content and dechlorination capabilities, which together with abovementioned 
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transcriptomic and proteomic analysis could supply fundamental knowledge of 
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